
 

 

ABSTRACT 

ZHANG, NANSHAN. Design of Safer Flame Retardant Textiles through Inclusion Complex 

Formation with Cyclodextrins: A Combined Experimental and Modeling Study. (Under the 

direction of Dr. Melissa Pasquinelli and Dr. Hinks). 

 

Triphenyl phosphate (TPP) is widely used as a phosphorus flame retardant. It is also one 

component of a commercial flame retardant mixture known as Firemaster 550. TPP is likely 

to be released into the environment due to its high volatility and has been detected at a 

concentration as high as 47,000 ng/m3 in air. Recent studies have also indicated that FRs like 

TPP could contribute to obesity and osteoporosis in humans. Cyclodextrins (CDs) are 

enzymatic degradation products of starch and consist of several (α-1,4)-linked α-D-

glucopyranose units. CDs own a hydrophilic outside and a hydrophobic inner cavity, which 

enables the formation of non-covalently bonded cyclodextrin inclusion complexes (CD-ICs) 

with a vast array of molecules. 

We hypothesize that the formation of inclusion complexes between TPP and cyclodextrins will 

reduce its exposure yet also retain flame retarding properties of TPP, since the formation of 

FR-CD-ICs is expected to eliminate unnecessary loss of FRs, especially volatile FR 

compounds like TPP, and release them only during a fire when they are actually needed. After 

creating the TPP-β-CD-IC, we applied it to polyethylene terephthalate (PET) films by a hot 

press technique. Flame tests indicated TPP-β-CD-IC exhibited flame resistant performance 

matching that of neat TPP, even though much less TPP was contained in its β-CD-IC. 

Incorporation of FRs and other chemical additives into textile substrates in the form of their 

crystalline CD-ICs is a promising way to reduce the exposure of hazardous chemicals to 

humans and to our environment while not impacting their efficacy.  



 

 

Two other parent CDs (α-CD and γ-CD) were applied and their abilities to form ICs with guest 

TPP were studied. Results from a series of characterization methods, including FTIR, DSC, 

TGA, XRD and NMR indicated the successful synthesis of TPP-γ-CD-IC via two routes. 

However, α-CD appears unable to form an IC with TPP, which is likely attributable to a size 

mismatch between them.  

A novel analytical chemistry technique -- tandem mass spectrometry (ESI-Q-TOF) was used 

to study the inclusion complexes of TPP and CDs. Successful formation of TPP-β-/γ-CD-IC 

was further proved by ESI mass spec in the positive mode. Experimental results demonstrated 

that 1:1 inclusion complex ions of the guest FR and the host CDs were detected. 

Experimentally α-CD cannot form an IC with TPP and this was further confirmed by tandem 

mass spec. Mass spectrometry provides a fast and accurate method to investigate cyclodextrin 

inclusion complexes and verify the formation of ICs 

Computational methods were applied to help understand the energetically favorable geometry 

of TPP and β-/γ-CD in their IC form. Semi-empirical theoretical methods (PM3 and PM6) 

were used to find the global minima of TPP-CD geometry and density functional theory 

calculations at a B3LYP/6-31G(d) level were employed for elaborate geometry optimization. 

Solvent effect was also considered using the polarized continuum model (IEF-PCM). Analysis 

of the results indicated that after optimization, IC geometries provided by PM6 had stronger 

interactions and were more energetically favorable than the ones calculated by PM3. DFT 

calculations are more accurate than PM3/PM6 and enabled more interactions between the host 

and the guest than two semi-empirical approaches. DFT calculations also proved that initial 

structures prepared by PM6 were more favorable in H-bonding profiles and key energy 

parameters. For TPP-β-CD system in vacuum and water, Model A owned a lower total and 



 

 

complexation energy while a stronger interaction between them was present in Model B. In 

TPP-γ-CD system, Model B was preferred than Model A in both vacuum and water. This was 

potentially attributed to more H-bonds formed between TPP and γ-CD in Model B and its 

ability to retain most of the internal linkages among primary hydroxyl groups.  
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CHAPTER 1 BACKGROUND TO THE PROBLEM 

Flame retardants (FRs) are chemicals added to materials to stop combustion or delay the spread 

of fire. FRs are widely present in our daily lives and are used in apparel, furniture and 

furnishings, computers, and plastics. They contribute greatly to property protection, and more 

importantly, use of FRs can save many lives by significantly increasing the escape time from 

a fire source. In recent years, our homes and offices possess a growing number of flammable 

materials, such as electronic devices, toys and furniture. As a result, increasing varieties and 

higher concentration of FRs are employed to make the combustible materials more fire 

resistant (1).  

Polybrominated diphenyl ethers (PBDEs) were the most prevalent choice of FRs in the US. 

However, such additive flame retardants can migrate out of products and be released into the 

environment. Studies have demonstrated the persistence, bioaccumulation, and potential health 

concerns of PBDEs (2), therefore two of their three commercial products, PentaBDE and 

OctaBDE, were banned from use worldwide starting from 2002. Besides, several classes of 

PBDEs (TetraBDE and PentaBDE) were listed in Annex A of the Stockholm Convention and 

were officially recognized as persistent organic pollutants (3). 

In 2005, the US Environmental Protection Agency (EPA) Furniture Flame Retardancy 

Partnership issued a report, in which 14 FR formulations were proposed as potential 

replacements of PentaBDE (4). Among these, one flame retardant known as Firemaster 550 

(FM 550) has raised increasing concerns. FM 550 is composed of two brominated and two 

phosphorus compounds (Figure 1): isopropylated triphenyl phosphate isomers (ITPs); 

triphenyl phosphate (TPP); 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (TBB); and bis(2-

ethylhexyl)-2,3,4,5-tetrabromo-phthalate (TBPH). FM 550 and its components have been 
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detected in indoor dust, outdoor air, marine mammal tissue, and wastewater sewage sludge, 

suggesting they are ubiquitous in the environment (5-8). Furthermore, FM 550 was found to 

act as an endocrine disruptor, obesogen, PPARγ agonist and could potentially interact with a 

variety of nuclear receptors. In the past few years, reproductive, thyroid and 

neurodevelopmental effects of FM 550 have been investigated, and actions are needed to 

reduce the exposure to chemicals like FM 550 (5, 6, 9-25).  
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Figure 1. Chemical structures of FM 550 components: (a) ITPs, (b) TPP, (c) TBB and (d) 

TBPH. 
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CHAPTER 2 MOTIVATION AND OBJECTIVES 

2.1. Motivation 

Tonelli and coworkers reported the formation of a crystalline inclusion complex (IC) between 

the flame retardant Antiblaze RD-1 and beta-cyclodextrin (β-CD). Antiblaze RD-1 contains 

phosphorus and nitrogen and is used in the flame retardant finishing of natural and synthetic 

fibers (Figure 2) (26). Cyclodextrins are cyclic oligosaccharides produced from degradation of 

starch and are widely used in food, cosmetics and pharmaceutical areas. The most striking 

feature of CDs is their ability to form non-covalent inclusion complexes (CD host-guest 

complexes) with a wide variety of guest molecules. In CD-ICs, the guest molecules are 

encapsulated into the CD cavity (27). The structure of β-CD is displayed in Figure 3. In 

Tonelli’s study, the Antiblaze RD-1-β-CD-IC was applied to polyethylene terephthalate (PET) 

films by a hot-press technique and the PET-IC film samples showed superior flame retardancy 

properties (26).  

In addition, thermogravimetric analyses of a number of CD-ICs formed with guests that are 

neat liquids indicated that they remain complexed in their crystalline CD-ICs well above their 

normal boiling points (26). Consequently, our hypothesis is that flame retardants complexed 

with and embedded within CDs will lessen their toxicological effects without impairing their 

flame retarding efficacy.   
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Figure 2. The chemical structure of the FR, Antiblaze RD-1. Taken from (26). 

 

 

Figure 3. Different views of β-cyclodextrin: from the side and the secondary face. 
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2.2. Objectives 

 Synthesis of inclusion complexes between TPP and β-cyclodextrin   

 Application of FR-CD-IC to polymer substrates and test its efficacy as a flame 

retardant 

 Synthesis of inclusion complexes between TPP and other cyclodextrins   

 Use of mass spectrometry to provide a fast and accurate approach to study the 

inclusion complexes  

 Use of modeling to help understand potential inclusion mode between the host CDs 

and guest FR 
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CHAPTER 3 LITERATURE REVIEW 

3.1. Flame Retardants 

3.1.1. Background 

Flame retardants (also fire retardants, or FRs) play a significant role in fire protection and fire 

extinction. Generally speaking, the goal of a FR is not only to stop the initiation of fire, but 

also to slow down the spread of fire after ignition. 

A commercially viable flame-retardant textile product meets the following demands (28): 

1) Do not impair the physical properties of the textile product; 

2) Keep the textile’s physiological and aesthetical properties from being affected; 

3) Application of the FR uses conventional equipment and inexpensive chemicals; 

4) Flame-retardant textile product is durable to multiple launderings and dryings. 

Currently there is a growing demand for flame retardant (or fire retardant, FR) materials in 

daily life and other circumstances as more and more combustible products come to the market. 

Driving the development of FRs are the large loss of lives, personal injury and property damage 

associated with fire disasters every year. According to a report on ‘’Fire loss in the United 

States during 2014’’ by NFPA, approximately 1,240,000 fires were recorded by US fire 

departments in 2013. These fire hazards led to a death toll of over 3,200 (13.5% more than the 

previous year) as well as 15,925 civilian injuries. Additionally there were as high as nearly 12 

billion dollars of property damage caused by these fires. In other words, less than every 3 hours 

a citizen was burned to death and each 30 minutes a person was injured by fire in the US during 

2013.  

To get an idea of how severe fire accidents are, fire departments all across the nation receive a 



 

7 

 

fire alarm every 25 seconds, and residential fires happens every 85 seconds (29). Table 1 and 

a few figures below summarize the U.S. fire problem in 2013. Specifically Figure 4 depicts the 

percentage of structural fires, outside and other fires, and highway vehicle fires occurring 

during 2013. Figure 4 describes the annual number of fires, civilian deaths and injuries and 

property loss. Although the number of fatalities increased by 13.5 %, an estimate of the other 

three items dropped compared to the previous year.  

Figure 5, Figure 6 and Figure 7 illustrate the general trend of fire risk during the past 36 years. 

Thanks to the discovery and application of various flame retardants, over the past few decades 

the number of fires hazards have been decreased. However Figure 7 reveals that the direct 

property damage has always remained at a high level and is not likely to go down. All reported 

damage has been converted to 2013 dollars.  

 

Figure 4. Pie chart of fires in the US during 2013. Adapted from (29).  
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46%
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Table 1. Estimate of 2013 fires, civilian deaths, civilian injuries and property loss in the United 

States. Adapted from (29). 

 Estimate Range1 
Percent change 

from 2012 

Number of Fires 1,240,000 
1,217,000 to 

1,263,000 
-9.8* 

Number of 

Civilian Deaths 
3,240 2,870 to 3,610 +13.5 

Number of 

Civilian Injuries 
15,925 15,025 to 16,825 -3.5 

Property Loss2 $11,525,000,000 
$11,165,000,000 to 

11,885,000,000 
-7.3* 

             195% confidence intervals. 

             2Does not include indirect losses 

        *Change was statistically significant at the 0.01 level 
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Figure 5. Number of fires in the United States (1977-2013) (29). 
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Figure 6. Civilian deaths and injuries in the United States (1977-2013). There were 6,196 

civilian deaths and 21,100 civilian injuries in 2001, which included 2,451 deaths and 800 

injuries from the events of 9/11/01 (29). 
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Figure 7. Direct property damage in 2013 dollars (billion dollars, 1977-2013). In 2001, the 

direct property damage was 58 billion dollars, which included 33.44 billion dollars that 

occurred from the events of 9/11/01 (29).   

According to a market study by Townsend, around 2 million tons of flame retardants were 

consumed globally in 2012, with an approximate cost of 5 billion dollars (30). Inorganic FRs 
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such as aluminum hydroxide comprised two fifth of the total flame retardant market. 

Brominated and chlorinated FRs occupied 19.7 and 11.3% of the market, giving halogen flame 

retardants a total of 31% market share. Organophosphorus FRs also developed rapidly in recent 

years and held nearly 15% of the total FR volume (Figure 8). In fact, the use of flame retardants 

has been increased substantially during the past several years, and most remarkably in 

electronics. What’s more, the consumption of FRs is believed to be growing continuously at 

an annual rate of 4-5%. The majority of flame retardants are used in plastics, accounting for 

about 85% of all FRs (30). The rest are mainly applied in the textile and rubber industry. In 

2011 North America spent more on flame retardants than any other areas in the world, with an 

approximate 28% share (30). 

 

Figure 8. Global consumption of flame retardants in plastics by type, tons-2011 (30). 

 

Based on a report published by Information Handling Service (IHS), the global consumption 

of flame retardants increased at a rate over 4% annually during 2010 to 2013 (31). In particular, 

the amount of FR usage in China grew by 15% every year. Besides, Central and Eastern Europe 
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and Asia (excluding China and Japan) also exhibited substantial rates of growth, 5.2 and 3.3% 

respectively. The author predicted the average annual growth rate to be 3.4% from 2013 to 

2018. In 2013, nearly 30% of the total FR volume was used in China. In addition, 22% was 

used in Western Europe and the same amount was consumed in North America (31). The pie 

chart below displays the universal usage of flame retardants: 

 

Figure 9. World consumption of flame retardants in 2013 (31). 

 

3.1.2. The Flammability of Textiles 

In reality almost all textile fabrics can be ignited and burned, mainly in two distinct manners 

(32): 

1) Flaming combustion, which is induced by open fire, such as caused by a lighter or candle, 

during which polymer is decomposed and volatile compounds are formed to sustain the 

combustion process. A lot of complicated reactions with different mechanisms are 

involved, and are not yet thoroughly understood. 

World Consumption of Flame Retardants in 2013
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2) Smouldering is a form of combustion which is slow, flameless, and related to direct 

oxidation of the polymer. Such reactions are commonly found in many solid materials like 

coal and wood. Although the smoldering combustion phenomenon is hardly noticeable, 

the fire hazard associated with it cannot be ignored. Several toxic gasses are emitted during 

the smouldering process, which may potentially lead to a flaming combustion process. 

Before discussing the mechanisms of effective flame retardants, it is very helpful to study the 

combustion cycle first. Combustion is a combination of several exothermic chemical reactions 

and has three key factors associated with it: fuel, oxidant and heat. Two forms of light, either 

glowing or flame will be generated along with the release of heat.  Combustion comprises 

numerous single steps and in most cases is initiated by endothermic heating and decomposition. 

The ignition of the mixture of flammable gases and atmospheric oxygen results in the 

exothermic processes of flame propagation and heat release. Endothermic reactions occurring 

during heating and pyrolysis provide enough energy (200-400 kJ/mol) to break even strong 

covalent bonds (28). 

The combustion process in textiles starts from ignition, either by auto-ignition, which occurs 

spontaneously, or flash ignition which is due to an external source like a flame. Combustion 

factors, including the inherent properties, the temperature, and the amount of oxygen available, 

have an effect on ignition. After being ignited, the temperature increases gradually to reach the 

pyrolysis temperature (Tp) of the textile fibers.  

Different from combustion, pyrolysis is a decomposition process occurring at high 

temperatures, which usually does not involve reactions of oxygen. In fact natural and synthetic 

fibers are likely to degrade or pyrolyze when exposed to elevated temperatures. The fibers 

undergo irreversible chemical changes at this stage, during which a solid carbon-rich residue 
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known as char, non-flammable gases (water vapor, carbon dioxide and a series of 

nitrogen/sulfur oxides), liquid condensates and flammable gases (hydrogen, carbon monoxide) 

are produced. Later, as the temperature rises, the liquid condensates undergo pyrolysis as well 

and keep generating flammable/non-flammable gases and char. Finally it reaches the 

combustion temperature (Tc) and the combustion process takes place. At this moment the 

flammable gases produced in pyrolysis combine with oxygen in the process called combustion, 

which is a variety of gas phase free radical reactions. These reactions are greatly exothermic 

and result in a production of huge amount of light and heat. Meanwhile the thermal energy 

produced from combustion processes causes fiber pyrolysis, which in turn boosts the creation 

of more volatile and flammable gases to continue the combustion. Figure 10 depicts how the 

combustion cycle sustains itself (33).  

3.1.3. Impeding the Combustion Cycle 

Since the combustion process can be considered as a cyclic mechanism, the general approaches 

of flame retardant finishes are to hinder the combustion cycle at a particular stage (34). Some 

FRs may reduce the amount of energy produced so that the combustion system is unable to 

support itself, while others reduce production of flammable gases, as well as producing more 

carbonaceous char (Figure 10 ‘a’). The formation of char works as a layer of protection to 

prevent the flame and the fiber/polymer from being attacked, as a result the flame and oxygen 

are separated from each other. When heated, a few flame retardants release chlorine and 

bromine which can alter the combustion chemistry and thus work as fire inhibiting agents 

(Figure 10 ‘c’). If we can interrupt the combustion cycle by cutting off the pathway where heat 

flows back to the fiber/polymer, further pyrolysis can be prevented. This can be achieved by 

introducing a heat sink, such as aluminium oxide trihydrate which decomposes 

endothermically thereby reducing the temperature or by creating a barrier (char or intumescent 
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coating) when fiber/polymer is exposed to the flame (Figure 10 ‘d’). 

 

Figure 10. Combustion cycle for fibers. Adapted from (28). 

 

More specifically, some flame retardancy mechanisms include isolating the flame from the 

oxygen supply (Figure 10 ‘b’, for example, hydrating flame retardant release water), raising 

the decomposition temperature by using fibers such as aramids that are inherently flame 

resistant. Though not the only systems, two flame retardancy mechanisms that have been 

studied the most: combustion in the gas phase and in the condensed phase. The gas phase 

mechanism, also known as the vapor phase mechanism, works through inhibiting the reactions 

between free radicals. While in the condensed phase, formation of carbonaceous chars, as well 
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as water, helps to reduce the amount of combustible gases thus interfering with the pyrolytic 

path of the substrate (33). 

3.1.3.1. The Condensed Phase Mechanism 

In the condensed phase mechanism, it is assumed that a chemical interaction occurs between 

the flame retardants and the polymer before pyrolytic decomposition. Two major routes: cross-

linking and dehydration play important roles in this mechanism. When a substance is exposed 

to a heat source, its surface temperature will rise to a point where the structure starts to break 

down. At the same time, some volatile materials will be released. A series of physical properties 

associated with this process include heat capacity and thermal conductivity. As mentioned 

previously, a carbonaceous char is a common product generated alongside the degradation of 

the substrate. Often times, thermal decomposition is initiated by dissociation of covalent bonds 

to form radicals. Both the inherent properties of the atoms making up the compound and the 

surrounding environment of the bond have impacts on the bond dissociation energy (BDE) 

(33), and are helpful to explain the sequence of bond dissociation and the BDEs of some 

common covalent bonds are displayed in Table 2 below. 

Dehydration 

To achieve flame resistant properties, only 2% of phosphorus is needed for cellulosics, whereas 

5-15% is required for polyolefins (35). This corresponds to the theory that the higher oxygen 

content of the polymer, the better flame retardancy performance provided by phosphorus 

compounds. Specifically for cellulose, two additional mechanisms have been raised in the 

condensed phase: dehydration of cellulosics using acids and those acid-forming agents of 

phosphorus derivatives. Both mechanisms contribute to char formation (36) ( [1] and  [2]). 
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(1) Esterification  

ὙὅὌ ὅὌὙὕὌ ὤὕὌὥὧὭὨOὙὅὌ ὅὌὙὕὤ Ὄὕ 

 [1]   

(2) Carbonium ion catalysis: 

ὙὅὌ ὅὌὙὕὌO ὙὅὌ ὅὌὙὕὌ ᴼὌὕ ὙὅὌ ὅὌὙ 

 [2] 

Table 2. Dissociation energies of some covalent bonds. Adapted from (37). 

Bond 

Dissociation 

Energy 

(KJ mol-1) 

Bond 

Dissociation 

Energy 

(KJ mol-1) 

C-H 340 H-I 297 

C-C 607 C-F 553 

C-O 1076 C-Cl 398 

H-H 435 C-Br 280 

H-F 569 C-I 209 

H-Cl 431 C-P 515 

H-Br 386 P-O 600 

  

Cross-linking and Char Formation 

Cross-linking helps to improve the degree of stabilization of cellulosic structures by forming 

extra covalent bonds between polymer chains. Covalent bonds, as we know, are stronger bonds 

than the original inter-chain hydrogen-bonds. During pyrolysis, these bonds have to be broken 

before chain degradation can occur. However it should be pointed out that insufficient cross-

linking may lead to reduced thermal stability due to the larger distance between chains, and 

thus weaker hydrogen-bonding. Kashiwagi and co-workers believed cross-linking could slow 

down the transportation of the combustible pyrolysis products, because it might increase the 

viscosity of the molten polymer in the combustion zone (38).  
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Char formation is considered the most crucial part in the condensed-phase mechanism. It works 

by preventing carbon from transforming to combustible gases, as well as blocking heat and 

mass flow. The level of protection a char can provide in the combustion process depends on its 

physical and chemical structure. The structure of ideal and non-ideal chars are depicted in 

Figure 11 to better describe the significance of its physical structure on flame retardancy 

properties. An ideal structure (Figure 11 (a)) is a closed system with separate ‘rooms’ for gas. 

This honeycomb-like structure can efficiently keep the volatile liquids and vapors from flowing 

into the flame, while at the same time it ensures the unburned polymers will not be decomposed 

due to the thermal gradient. On the contrary, a non-ideal char structure (Figure 11 (b)) has 

many passages which allow flammable gases and volatiles to pass through. Various factors 

affecting the formation of char, such as the kinetics of gasification, polymer cross-linking, and 

melt viscosity, are not fully understood (39, 40). 

3.1.3.2. The Gas Phase Mechanism 

Different from the condensed-phase mechanism, where flame retardancy performance is 

achieved by altering the pyrolytic path and forming the carbonaceous char, in the gas-phase 

mechanism combustible substances remain unchanged. However, with an increased amount of 

flame-retarding agent, the heat involved with the combustion process decreases substantially. 

As a result, the surface temperature is reduced and less heat will be available to continue the 

pyrolysis process. Normally such flame resistant substances need to be of high volatility to 

contact the flame in the gaseous phase.  
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Figure 11. (a) an ideal char structure (b) a non-ideal char structure. Taken from (33). 

 

During the pyrolysis process, species that are able to react with atmospheric oxygen are 

produced by branching reactions. Such H2-O2 systems propagate the combustion of available 

fuels (41). 

ὌȢ ὕ ὕὌȢ ὕȢ 

 [3] 

ὕȢ Ὄ ὕὌȢ ὌȢ 

 [4] 

The following exothermic reaction is responsible for supplying the majority of the energy to 

maintain combustion: 

ὕὌȢ ὅὕ ὅὕ ὌȢ  

 [5] 

It is necessary to disturb the chain branching reactions in  [3] and  [4] to prevent  [5] from 

taking place. The use of halogen derivatives, mostly bromine and chlorine, can release a 

hydrogen halide which is effective in stopping combustion in the gas phase.  
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ὓὢ Ὄὢ ὓȢ 

 [6] 

Or if the flame retardant compound does not contain hydrogen, a halogen atom will be released 

instead: 

ὓὢ ὓȢ ὢȢ 

 [7] 

where ὓȢ stands for the FR compound residue. 

The halogen atom can then react with the fuel and a hydrogen halide is produced ( [8]). The 

hydrogen halide is considered as the real flame inhibitor because of its ability of perturbing the 

chain branching reactions ( [9] and [10]): 

ὙὌ ὢȢ Ὄὢ ὙȢ 

 [8] 

ὌȢ Ὄὢ Ὄ ὢȢ 

 [9] 

ὕὌȢ Ὄὢ Ὄὕ ὢȢ 

[10] 

Petrella and coworkers found that the reaction rate of  [9] was twice as fast as [10]. Besides a 

high value of the H2/OH ratio was detected, indicating  [9] was the dominant flame inhibiting 

reaction. Among these reactions, the relationship between  [3] and  [9] is considered a key 

factor to the inhibitory performance. Note that two radicals are produced along with one H 

atom lost through  [3], while  [9] brings in a halogen radical which then turns into a large and 
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stable halogen molecule (42). 

Table 3. Comparison of condensed and gas phase mechanisms. Adapted from (28). 

Type of mechanism Condense phase Gas phase 

Type of chemistry 

involved 

Pyrolysis chemistry Flame chemistry 

Typical type of synergism P/N Sb/Br or Sb/Cl 

Effective for fiber type Mostly cellulose, also 

works for wool, 

catalyzing their hydration 

to char. 

All kinds of fibers due to 

the similarities in flame 

chemistry (radical transfer 

reactions). 

Particulars  Very effective since 

dehydration and 

carbonization inhibit the 

formation of burnable 

volatiles. 

Fixation with binder 

changes textile properties 

such as hand and drape, 

suitable for back coating 

of carpets etc. 

Application process Multi-step processes are 

needed if durable flame 

retardancy are to be met. 

Relatively simple, 

conventional methods of 

coating. However 

viscosity should be well 

controlled. 

Environmental toxicity With durable flame 

retardancy, formaldehyde 

emission during curing 

and after finishing, 

phosphorus compounds in 

the waste water. 

Antimony oxide and 

organic halogen donators 

(DBDPO and HCBC) are 

considered harmful (for 

instance, possibility of 

producing 

polyhalogenated dioxins 

and furanes). 

A comparison of condensed and gas phase mechanisms of flame retardancy is presented above 

in Table 3. 

3.1.3.3. Physical Effects 

Apart from radical trap activity, the impact of several physical factors on flame-resistant 

performance cannot be ignored. For instance, halogen can be effective by absorbing a large 

amount of heat in the combustion zone due to its high heat capacity. This physical effect can 

occur in either gas phase or the condensed phase. A lot of conventional flame retardants, 
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inorganic ones in particular, rely strongly on such physical effects. Usually such chemicals are 

added to textile substrates in large amounts (even exceeding 60% of the weight of the final 

product) and can be regarded as ‘’fillers’’ (43).  

One common physical effect, for example, is related to the dilution of the organic substances 

and separation of the textile structures into individual sections. This can be done by filling up 

the pores and the amorphous regions of the polymers in the fibers. Consequently, pyrolysis of 

the polymer becomes much harder, since more heat is needed to reach the pyrolysis 

temperature. Furthermore the amount of combustible gases and heat are reduced and less fuel 

is available to sustain the pyrolysis of the polymers. Situations like this are often relevant to 

the ‘’heat sink’’ effect and are increased by a filler with a higher specific heat and a lower 

thermal conductivity. A list of potential fillers includes mica, feldspar, clay, talc, zinc oxide and 

alumina. An alternative mode of the ‘’heat sink’’ effect is attained by endothermic 

decomposition of the filler. When heated, carbon carbonates will decompose and produce 

carbon dioxide. A similar circumstance happens to alumina trihydrate ( [11]), which takes in 

over 1000 J-1 by getting rid of three moles of water into the gaseous phase (43).  [12] also 

illustrates how calcium carbonate works through the latter route. 

ὃὰὕϽσὌὕίᴼὃὰὕ ί σὌὕὫ 

 [11] 

ὅὥὅὕίᴼὅὥὕί ὅὕὫ 

 [12] 

With the help of these decompositions, the temperature of the pyrolyzing polymer is reduced 

and the gases produced can also make the combustible gases and the oxygen less dense, which 
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can act as an extra heat sink in the gaseous phase (43). 

Coating and insulation is another form of physical effect. Generally a shielding layer of glass 

or char is formed by the flame retardant and plays an important role in both hindering the 

transfer of the combustible gases to the flame and impeding heat delivery to the surface of the 

polymer. Gay-Lussac and coworkers studied the flame resistant mechanism of boric acid 

derivatives on cotton in 1821. During the flame retarding process, an impassable glassy layer 

was formed and the relevant dehydration processes are shown below in [13]: 

Ὄὄὕ
ᴈȟ

ựựựựựựựựựựựự Ὄὄὕ
ᴈȟ

ựựựựựựựựựựự ὄὕ  

[13] 

A mixture of 7 portions of borax and 3 portions of boric acid (that is sodium pentaborate, 

Na2B10O16Ͻ 10H2O) is considered an efficient flame retardant for cellulose. Upon heating, 

sodium pentaborate will produce a clear glassy layer on the surface of cellulose fibers. In 

addition, char formation is enhanced (43). 

3.1.4. Classifications of Flame Retardants 

3.1.4.1. Halogenated Flame Retardants 

The most widely used flame retardants containing halogens are compounds with bromine or 

chlorine. Basically such flame retardants are effective in the gas phase mechanism. The 

halogen atom and the fuels can combine with each other and hydrogen halide is formed, which 

is considered the constituent effective in impeding the combustion cycle (43). 

Compounds of antimony are often applied together with halogenated flame retardants due to 

their synergistic effects. A synergistic effect means two chemicals have better performance 

than when used individually. The most famous co-additive is antimony trioxide, which 
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functions by one or the combining effects of the following: radical trap, physical effects, the 

condensed mechanism, and intumescence. The effectiveness of synergism can be characterized 

by the term synergistic effectivity (SE), which is the quotient of the overall FR-effectivity (EFF) 

of the FR plus the synergist and the EFF of the sole FR ([14]) (44, 45). 

ὛὉ
ὉὊὊ

ὉὊὊ
 

[14] 

where EFF is defined as the increased amount in the oxygen index for 1% of the flame retardant 

at a certain level of FR element. Oxygen index can evaluate the intensity of ventilator support 

that is needed to retain oxygenation. 

The halogen-antimony system can work in both the gas phase and the condensed phase (46). 

In the pyrolysis process, hydrogen halide reacts with antimony trioxide (Sb2O3) and the 

products are SbX3 and SbOX. The gaseous SbX3 is volatile and is released to the gas phase, 

while the strong Lewis acid SbOX stays in the condensed phase and facilitates the dissociation 

of the carbon-halogen bonds. Sb2O3 has a more significant effect in the gas phase than in the 

condensed phase (47). In the gas phase the antimony halide reacts with atomic hydrogen and 

produces antimony and a series of halides, including HX, SbX and SbX2. Antimony can then 

react with atomic oxygen, water and hydroxyl radicals and SbOH and HX are produced. SbOH 

and SbO are produced when SbX3 and water react with each other. Besides, SbO and Sb can 

spread throughout the flame and catalyze the association of atomic hydrogen. Additionally it 

seems that antimony halides can suppress halogen loss from the flame, therefore keeping the 

FR from being consumed too fast and reducing the flame concentration. Furthermore, the 

‘‘blanketing’’ effect brought on by the antimony halides can effectively impede the path of 
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oxygen into the pyrolizing polymer (48, 49). 

3.1.4.2. Phosphorus Flame Retardants 

Phosphorus FRs (PFRs) have been used for over 150 years and are believed to be appropriate 

substituents for halogenated flame retardants. For example, a series of volatile PFRs such as 

triphenyl phosphate (TPP) and tributyl phosphate (TBP) are regarded as proper alternatives for 

conventional halogenated compounds in textile back-coatings (50), due to their availability to 

work in the gas phase. If phosphorus FRs could be used as an alternative to polybrominated 

diphenyl ethers (PBDEs), it is desired that any of their components which are persistent, 

bioaccumulative, and are toxic to humans and the environment should be avoided. Pakalin and 

coworkers proposed a list of 27 potential substitutes for decabromo-diphenyl ether (DeBDE), 

amongst which 11 were non-halogenated. Specifically 6 of these 27 compounds were 

organophosphorus FRs, such as triphenyl phosphate (TPP), resorcinol diphenyl phosphate 

(RDP), bisphenol-A diphenyl phosphate (BADP), diphenylphosphinic acid, 

diphenylcresylphosphate (DCP) and melamine polyphosphate (51). Chemical structures of 

TPP, TBP and DCP are shown in Figure 12. 
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(a) Triphenyl phosphate (TPP) 
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(c) Diphenylcresylphosphate (DCP) 

Figure 12. Chemical structures of (a) TPP, (b) TBP and (c) DCP. 

 

Phosphorus flame retardants can be divided into three classes. Many inorganic phosphorus 

flame retardants such as red phosphorus (RP) and ammonium polyphosphate (APP) belong to 
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the first class. The second class consists of organic phosphorus flame retardants and the general 

structures of these PFRs can be categorized into: (1) the phosphinates, (2) the phosphonates 

and (3) the organophosphate esters (Figure 13) (1). The third class includes the commonly used 

halogenated phosphorus flame retardants. The existence of the halogen atoms can help stabilize 

the FRs in the polymer thus increase the shelf time of the FRs in end uses. 

The synergism of halogen and phosphorus components can bring better flame retarding 

performance. Some of the well-known examples of halogenated phosphorus flame retardants 

are tris(chloropropyl)-phosphate (TCPP) and tris(2-chloroethyl)phosphate (TCEP) (Figure 14). 

Another classification of phosphorus flame retardants is based on whether it is reactive or 

additive. The reactive PFRs work by building those reactive components into the polymer 

molecules via chemical binding. The presence of chemical interactions are believed to prolong 

the lifetime of the flame retardants (52). The second type of the PFRs are not chemically 

bonded but mixed into the polymer, which are called additive PFRs. According to the 

information provided by the World Health Organization, polyols, phosphonium derivatives, 

phosphonates and phosphate esters are some major groups of additive flame retardants. 

Particularly trialkyl derivatives like triethyl phosphate, triaryl derivatives like triphenyl 

phosphate and aryl-alkyl derivatives such as 2-ehylhexyldiphenyl phosphate pertain to the 

phosphate esters (53).  
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 (a) Phosphinate       (b) Phosphonate                             (c) Phosphate ester 

Figure 13. General structures of organophosphorus flame retardants (EFRA, 2007). 
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(a) Tris(chloropropyl)phosphate (TCPP) 
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(b) Tris(2-chloroethyl)phosphate (TCEP) 

Figure 14. Chemical structures of (a) TCPP and (b) TCEP. 

 

Although phosphorus FRs have been on the market for a long time, their applications are 

limited to a few specific polymers. This is due to their working mechanisms which require 
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such FRs to react with the polymer during the decomposition process. When heated, 

phosphorus is going to generate a polymeric form of phosphoric acid during thermal 

decomposition, which leads to the formation of a char layer. The char can separate oxygen 

from the burning material and therefore slow down the formation of flammable gases. In 

polymers which contain hydroxyl groups, like cellulosics, polymer chains can be crosslinked 

with phosphoric acid through the dehydration reaction (Figure 15). These crosslinks alter the 

path of pyrolysis and as a result, pyrolysis products are decreased. Some other PFRs can also 

work in the gas phase, which is similar to what halogenated flame retardants can do (28). Table 

4 describes the strength and weakness of the phosphorus-based flame retardants to the other 

kinds of flame retardants, specifically halogenated FRs (28). 
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Figure 15. Crosslinking of polymer chains by phosphoric acid. Adapted from (28). 
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Table 4. Pros and Cons of phosphorus flame retardants. Adapted from (54). 

                Pros               Cons 

 Lower density than halogen FRs  Difficulty in achieving high P 

percentage 

 No need for antimony oxide 

synergist 

 No general synergist with good 

performance so far 

 Less persistence and 

bioaccumulation 

 Tend to be hydrophilic (higher 

moisture uptake) 

 Effective char formation in 

charable polymers 

 Acids may form when 

hydrolyzed which will damage 

substrate 

 Better photostability  Less stable to heat 

 Less likely to intensify smoke 

obscuration 

 Difficulty in recycling due to 

thermal and hydrolytic stability 

 Less acid gas evolution during 

burning 

 Toxicity issues related to 

reactivity 

 No halodioxin will be formed  Higher cost 

 Better biodegradability  

 Avoid negative public image  

 

3.1.4.3. Other Flame Retardants 

Other types of flame retardants include nanocomposites (NC) and intumescent flame retardants. 

The complex of poly (methyl methacrylate) (PMMA) and montmorillonite (MMT) was found 

to have improved thermal stability by Blumstein (55). When nanocomposites containing   

organically modified clay were dispersed in certain polymer matrices, their concentration as 

low as 5% w/w was needed to take effect (56). The impact of NCs on polypropylene (PP) has 

been studied in depth, including titanium dioxide (TiO2), antimony trioxide (Sb2O3) and 

modified MMT (57-59). In general, nanocomposites are prepared by either blending or bulk 

polymerization. NCs can exist in two forms, which are called intercalated and exfoliated forms. 

A few mechanisms of how polymer-clay nanocomposites work in fire retarding have been put 

forward. One is that nanocomposites help reduce heat release rate, as an insulation barrier is 

formed which is composed of char and clay platelets, Another theory proposes that iron in the 

clay can act as radical traps thus preventing degradation (60-62). 
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Intumescent flame retardants (IFRs) will swell and expand when heated to a certain 

temperature. Consequently, the interior of the material is protected by the charred layer formed 

on the surface. The charred layer takes effect through insulating and preventing heat transfer 

between gas and condensed phases. Intumescence is a particular form of the condensed phase 

mechanism, which disrupt the combustion process at its early stages. Three novel approaches 

based on the theory of intumescense have been summarized by Bourbigot (63). The first 

strategy is to use char forming polymers (e.g. polyamides) instead of traditional char forming 

agents (e.g. polyols). Polymer-clay nanocomposites, as we mentioned above, are excellent 

candidates under this situation. The second approach is to consider the underlying synergism 

between nanocomposites and intumescent systems. The final way is to prepare an IFR by using 

char forming polymers to microencapsulate phosphates or other acid sources (63).  

Classical IFRs are composed of three ingredients: a carbon source, an acid source, and a 

blowing agent. Phosphates (e.g. ammonium polyphosphate, or APP, and borates are commonly 

used as acid sources, while polyamides and polyurethanes are frequently-employed as 

carbonizing compounds. The blowing agent is usually melamine or related compounds. When 

heated, mineral acids will be released from the acid source and involve in the dehydration 

process of the carbon source. The cellular charred layer is formed after decomposition of the 

blowing agent (64, 65). Great efforts have been made to seek ‘’green’’ carbonizing compounds. 

Produced from starch, cyclodextrins which degrade at a low rate and produce char that is stable 

to heat, might be a good choice. Feng and coworkers used β-CD instead of pentaerythritol 

(PER) as a carbon source and synthesized a novel intumescent flame retardant with APP as an 

acid source and melamine as a blowing agent. The APP/CD/MA complexes exhibited superior 

char forming abilities and endowed polylactic acid (PLA) enhanced flame resistant properties 
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(66). 

3.1.5. Health and Environmental Concerns of Flame Retardants 

3.1.5.1. Polybrominated Diphenyl Ethers 

As pointed out previously, with the help of flame retardants, thousands of lives have been saved 

and many hazards have been prevented. However at the same time, FRs can generate pollutants 

to the environment that can be potentially hazardous to human and environmental health. These 

pollutants include polyhalogenated dibenzo-p-dioxins and polyhalogen-ated dibenzo-p-furans. 

Due to their high FR efficiency and low cost, brominated flame retardants (BFRs), are 

nowadays used extensively all over the world to provide flame retarding performance (2). In 

2000, the production volume of brominated flame retardants (BFRs) was about 300,000 tons, 

which accounted for roughly one-fourth of all flame retardants (67). In recent years, one of the 

most commonly used brominated flame retardants, polybrominated diphenyl ethers (PBDEs) 

have caused more and more concerns. They are similar in structure to polybrominated 

biphenyls (PBBs) and polychlorinated biphenyls (PCBs). Since PBBs have been proved to play 

an important role in causing liver cancer in laboratory rats and mice, they are considered as 

potential carcinogens by the Department of Health and Human Service (DHHS). The 

International Agency for Research on Cancer (IARC) even proposed PBBs as carcinogens to 

humans (68, 69). Figure 16 illustrates the structural resemblance of PBBs and PBDEs. 
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(a) Polybrominated biphenyls (PBBs) 
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(b) Polybrominated diphenyl ethers (PBDEs) 

Figure 16. Chemical structures of (a) PBBs and (b) PBDEs. 

 

PBDEs are persistent in the environment due to their resistance towards acids and bases as well 

as heat and light. Even more, they can withstand reducing or oxidizing compounds (70). 

PBDEs are highly lipophilic and are extremely hard to degrade. As a result, such compounds 

are very stable in our environment and are expected to be readily bioaccumulated. De Boer and 

colleagues conducted an in vitro biotransformation test in 1998, with the result of no 

biotransformation indicating that PBDEs were very persistent (71). According to Allchin and 

coworkers’ research, the adverse effects could not only influence local areas but also remote 

districts -- the environmental problem caused by PBDEs has become a universal issue. 

Sometimes PBDEs-contained materials are directly disposed in the landfills and incinerated, 

thus being released to the environment (72). Leakage of PBDEs may appear in the 

surroundings and during incineration dioxins, known as carcinogens, are formed.  

De Boer found that the concentrations of PBDEs in Sperm whale blubber were 100 ng/g wet 

weight, which was about 50 times higher than total environmental PBB concentration found. 
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Since Sperm whales live in the deep ocean, these results above demonstrated the spread of 

PBDEs even to remote environment (71). Haglund and coworkers investigated PBDEs 

concentrations in herring, salmon muscle, and in ringed and grey seal blubber. The overall 

levels were 36, 298, 380 and 468 ng/g respectively, which were higher than those found in 

terrestrial species and this made biomagnification clear (73).  

Several researchers stated PBDEs were found in marine and fresh water in Japan, Sweden and 

the North Sea (south, central and north). In Japan, PBDEs were detected in estuary and river 

sediments and in fish and other marine organisms. Based on their results, decabromodiphenyl 

ethers (DeBDE) (Figure 17 (a)) were the primary components in the Osaka River sediments 

while, tetrabromodiphenyl ethers (TeBDE) (Figure 17 (b)) were found the most in fish and 

marine organisms (74).  

Darnerud reported BFRs as potential endocrine disruptors and several studies indeed revealed 

the effect of BFRs on thyroid and sex hormones. Although the effect of BFR on other hormonal 

systems in vivo was unknown, Ding’s research revealed that the brominated substances might 

have an impact on steroid-regulating proteins which further influenced gene expression. As for 

the impact of BFR in humans, Main and coworkers investigated the level of PBDE congeners 

in breast milk, placenta and cryptorchidism in newborn boys. PBDE congeners were detected 

in breast milk rather than in placenta, suggesting a relationship between PBDE and congenital 

cryptorchidism (75-77).   



 

34 

 

O

Br

Br

Br

Br

Br

Br
Br

Br

Br
Br

 

(a) Decabromodiphenyl ether (DeBDE) 
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(b) 2,2’,4,4’-Tetrabromodiphenyl ether (TeBDE) 

Figure 17. Chemical structures of (a) DeBDE and (b) TeBDE. 

 

3.1.5.2. Fire Safety and Standards 

In her book Silent Spring, Rachel Carson showed us that chlorinated compounds could be 

stubbornly persistent in the environment (78). Organochlorine pesticides (OCPs) and 

chemicals, such as dichlorodiphenyltrichloroethane (DDT, Figure 18) and polychlorinated 

biphenyls (PCBs), were probed worldwide with electron capture detectors. One of the most 

famous examples is polybrominated biphenyls (PBBs), which were banned from use in the 

early 1970s. Animal feed was mixed unexpectedly with Firemaster FF-1, the commercial 

mixture of PBBs and led to long lasting adverse impacts on livestock in Michigan (79).  
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Figure 18. Chemical structures of dichlorodiphenyltrichloroethane (DDT). 

 

Since the 1970s, OCPs like dieldrin and DDT were banned and the use of PCBs was restricted 

in Europe, America and Japan. In almost the same time period, regulations, such as the Toxic 

Substances Control Act (TSCA), were proposed in the United States. The Stockholm 

Convention on Persistent Organic Pollutants (POPs), an international environmental treaty 

aiming to limit the application of POPs, was signed in 2001. POPs are organic substances that 

are hard to biodegrade in the environment and easy to bioaccumulate in the fatty tissue of 

animals.  

The very first twelve POPs that were regulated can be classified into three types: pesticides 

(e.g. DDT), industrial chemicals (e.g. PCBs) and by-products (e.g. hexachlorobenzene) (80). 

Since the majority of PBDEs (e.g. pentaBDE and tetraBDE) are considered persistent with 

potential toxicity, a few of them have been newly added to Annex A of the Stockholm 

Convention (3). This impelled the amendment of flammability standards and the development 

of novel flame retardants.  

California’s flammability standards Technical Bulletin 117, or TB 117 which was adopted in 

the 1970s, are commonly complied with across the United States. By following TB 117, 

cushion foam must resist a 12-second exposure to a small and open fire. Manufacturers used 

to add organohalogenated compounds to the furniture to meet this standard. However a series 
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of FRs that meet TB 117 have poor performance to prevent ignition and reduce fire severity. 

At the same time, TB 117 allows the use of FRs in children’s products. In 2012, the Bureau of 

Electronic and Appliance Repair, Home Furnishings and Thermal Insulation (BEARHFTI) was 

asked to amend TB 117. In February, 2013, a revised TB 117 (TB 117-2013) was announced 

and started to be effective from the beginning of 2014. Different from the old version of TB 

117, TB 117-2013 demands a smolder test for fabric since fires are usually caused by smoking 

and start on fabric. It is also important to mention that the use of FRs are not mandated in the 

new standard, in order to reduce human contact with hazardous chemicals (81, 82). 

3.1.5.3. Firemaster 550 and Its Components 

In 2005, the Environmental Protection Agency (EPA) Furniture Flame Retardancy Partnership 

issued a report, aiming to identify environmentally friendly replacements for pentaBDE. This 

was achieved either by using alternative chemicals or alternative techniques. In this report, 

fourteen formulations from four manufacturers (Table 5) were approved for EPA review (4). 

Table 5. Potential Flame-Retardant Chemical Formulations. Adapted from (4). 

Albemarle Corporation Ameribrom, Inc. 

(ICL Industrial 

Products) 

Great Lakes 

Chemical 

Corporation 

Supresta  

(Akzo Nobel) 

SAYTEX® RX-8500 FR 513 Firemaster® 550 Fyrol® FR-2 

SAYTEX® RZ-243  Firemaster® 552 AB053 

ANTIBLAZE® 195   AC003 

ANTIBLAZE® 205   AC073 

ANTIBLAZE® 180    

ANTIBLAZE® V-500    

ANTIBLAZE® 182    

 

According to the ‘’Screening level toxicology and exposure summary table’’ in the report, 

Firemaster 550 (FM 550) is composed of four additive components, including proprietary F: 

Halogenated aryl ester; proprietary G: Triaryl phosphate; Triphenyl phosphate (CAS# 115-86-
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6) and proprietary H: Halogenated aryl ester. To study the alternative FRs used to meet TB 117 

after the phase-out of PDBE in 2005, Stapleton and coworkers analyzed 102 polyurethane 

foams from couches bought between 1985 and 2010 in the US. The most ordinary FR detected 

in foam samples purchased after 2005 was TDCPP, which accounted for 53% of 61 samples in 

total. Besides, 18% of these samples were detected to contain single or mixed components of 

FM 550 (83). In ‘’Product Stewardship Summary of Firemaster 550’’ provided by Great Lakes 

Solutions, the primary constituents of FM 550 (Figure 19) were identified to include (84): 

1) Isopropylated triphenyl phosphate (CAS # 68937-41-7), ITP ((Figure 19) (a)); 

2) Triphenyl phosphate (CAS # 115-86-6), TPP (Figure 19 (b)); 

3) Tetrabromobenzoate (CAS # 183658-27-7), TBB (Figure 19 (c)); 

4) Tetrabromophthalate (CAS # 26040-51-7), TBPH (Figure 19 (d)). 
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Figure 19. Chemical structures of the four FM 550 components. 
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In the ‘’Health Effects’’ section, it was stated that FM 550 reacted with polyurethane and was 

integrated with the foam, thus reducing direct contact. They declared the exposure of FM 550 

did not reach the level that could be harmful to consumers and that was authorized by experts 

under government designed protocols. The environmental fate of FM 550 was described to be 

‘’not readily released to the environment’’ since ‘’FM 550 had been incorporated into a PU 

foam matrix’’ (84).  

Stapleton and coworkers took dust samples from 19 homes in the greater Boston, MA area in 

2006. By using GC/ECNI-MS methods they detected the existence of TBB and TBPH in these 

dust samples. TBPH is considered a brominated analogue of bis(2-ethylhexyl) phthalate 

(DEHP, Figure 20), a commonly used plasticizer, with growing health risks in recent years. 

Based on the data provided, concentrations of TBB ranged from < 6.6 to 15,030 ng/g (a median 

value of 133 ng/g), while that of TBPH was between 1.5 and 10,630 ng/g (a median value of 

142 ng/g). The ratio of TBB and TBPH in the dust samples varied from 0.05 to 50, with 4.4 on 

average. Furthermore, by comparing the concentration of FRs in the main living areas and 

bedrooms, the authors concluded TBB and TBPH possessed a higher concentration in the 

former locations (5).  
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Figure 20. Chemical structure of bis(2-ethylhexyl) phthalate (DEHP). 

 

In 2009, in order to study alternative FRs after the phase-out of pentabromodiphenyl ether 

(PeBDE), Stapleton and coworkers collected and analyzed 26 pieces of furniture bought 

between 2003 and 2009 in the US. Samples were basically foams from couches, pillows, seat 

cushions and mattress pads and were analyzed by gas chromatography mass spectrometry (GC-

MS). The extensive existence of chlorinated phosphate compounds in those samples prompted 

them to analyze the extracts from 50 house dust samples in the Boston, MA area, which were 

collected from 2002 and 2007. Based on their results, TDCPP and TPP were detected at 

frequencies over 96% and were log normally distributed. The geometric mean concentration 

for TPP in house dust was as high as 7,360 ng/g and the maximum concentration detected 

reached 1,798,000 ng/g. Their study indicated the levels of TPP and other organophosphates 

were even higher than those of PBDEs under certain circumstances. They raised a concern that 

the ubiquity of those chemicals could pose adverse effects to human health -- to children in 

particular (85).  

Firemaster® BZ-54 (FM BZ-54) is composed of TBB and TBPH, and like FM 550, is also 

considered an alternative to PeBDE mixtures. Due to the high levels of these two brominated 
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compounds detected in house dust (85), Bearr and coworkers found it necessary to study the 

their bioavailabilty, uptake, bioaccumulation, metabolism and toxicity. TBB and TBPH share 

structural similarities with MEHP (Figure 21) and DEHP (Figure 20) respectively, and the latter 

two are known to be associated with DNA damage.  

These authors orally exposed fathead minnow to either FM 550, FM BZ-54 or DEHP for 56 

days and subsequently fed clean food to the fish for 22 days. At certain specific times, liver 

and blood cells of the fish were extracted to study the adverse effects of these chemicals. Gas 

chromatography-electron-capture negative ion mass spectrometry (GC/ECNI-MS) was 

utilized to trace the presence of any metabolites. The growth of fathead minnows, and the 

accumulation of TBB and TBPH in tissues were recorded. Besides the formation of metabolites, 

changes of DNA in blood and hepatic tissues and the exposures of TBPH were also studied. 

After an exposure of 56 days, TBB and TBPH were detected at roughly 1% of daily dosage. 

Metabolites of TBB and TBPH were also found in tissues, which further indicated the ingestion 

and metabolism of the two brominated compounds. In this study, TBB was considered to be 

rapidly metabolized, while that was not the case for TBPH. Compared to TBPH, TBB has a 

smaller size and an open ring site. The distinct metabolic rates might be attributed to the 

difference in size and hydrophobicity. The mechanism of how these chemicals cause DNA 

damage was not determined. One possible inference given by the authors was that parent 

compounds and/or their metabolites might act as agonists for the peroxisome proliferator-

activated receptor (PPAR) (10).     
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Figure 21. Chemical structure of mono (2-ethylhexyl) phthalate (MEHP). 

 

Integrated Atmospheric Deposition Network (IADN) collected 507 air samples in both gas and 

particle-phase near the Great Lakes between January 2008 and December 2010 and these were 

analyzed by Ma and coworkers. For gas phase samples, there were no TBB or TBPH detected. 

In contrast, these two chemicals were found in the particle phase samples in the majority of 

cities including Chicago and Cleveland. They even appeared in half of the particle phase 

samples in several remote areas. In general, the concentrations of TBB and TBPH were 

detected to be 0.05-55 and 0.11-290 pg/m3, respectively. This was probably because TBPH has 

a larger log Kow value and therefore it was more likely to bond to particles than TBB. Also both 

compounds existed in a larger amounts in urban areas than rural sites (7).  

Bearr and colleagues investigated the underlying biological conversion of TBB and TBPH in 

S9 microsomes and cytosol in carp, mouse, snapping turtle, and fathead minnows. The authors 

proposed three possible routes for DNA damage when fathead minnows were exposed to these 

two flame retardants: the direct action of the original compounds, the presence of their 

genotoxic metabolites with short half-life and/or the formation of active by-products. Apart 

from fathead minnows, a series of other vertebrates were included to study the metabolism of 

TBB and TBPH among other species. The authors found that all species had metabolic TBB 
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and TBPH rates close to each other, except for snapping turtles which could not metabolize 

TBB. Besides, TBB was metabolized to a higher degree than TBPH throughout these species. 

The metabolism of the parent compounds in fish resembled that in mouse, which suggested 

both species might share the same enzyme(s). In the authors’ opinion, 2,3,4,5-

tetrabromomethylbenzoate (TBMB) originated from TBB with the assistance of both soluble 

and membrane-bound hepatic enzymes in the test animals (23). The mechanism shown in 

Figure 22 for metabolizing TBB into TBMB was put forward.  
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Figure 22. Possible mechanism for metabolizing TBB into TBMB with TBBA as an 

intermediate product (23). 

 

Barron, Kavlock and their coworkers have studied the hydrolysis of the ethylhexyl group in 

DEHP in rainbow-trout and rats (86, 87). DEHP has the same structure as TBPH except for the 

lack of four bromines on the benzene ring. Besides, the intermediate during the metabolism of 
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DEHP (that is, mono (2-ethylhexyl) phthalate, or MEHP) has a structure that is comparable to 

TBB. The difference is that TBB has four more bromines while MEHP has an extra carboxylic 

acid group. Lipase, an enzyme mainly produced by the pancreas, is able to initiate the 

metabolism of DEHP. Therefore the authors inferred that it might also be associated with the 

metabolism of TBB and TBPH. In 2011, a study showed that the purified porcine esterases 

could metabolize TBB at a fast rate (88). Due to the fact that lipase is a subclass of esterase, 

lipase is considered a reasonable participant in the metabolism of TBB and TBPH. 

Methyltransferase, a series of enzymes which can methylate various substances, was 

considered as a potential candidate in charge of the second reaction (Figure 22). In their study, 

methylation was observed in cytosolic, microsomal and subcellular fractions. Graves et al. 

demonstrated that methyltransferase had an effect on benzoic acid catechols 

(dihydroxybenzoic acid, DBA) (Figure 23) (89).  

O OH

OH

OH

 

Figure 23. Chemical structure of 2,3-Dihydroxybenzoic acid (2,3-DBA). 

 

By exerting stresses on Arabidopsis thaliana, the presence of methylsalicylate (MeSA) and 

methylbenzoate (MeBA) were detected in its leaves by Chen and coworkers. Specifically, 

MeSA and MeBA were generated with the action of methyltransferases, where a methyl group 

was turned into a carboxyl group (90). Based on Graves and Chens’ work, Bearr et al. inferred 

that the metabolism of tetrabromobenzoic acid might also follow this mechanism, where one 
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hydroxyl group at a time is catalyzed by methyltransferase. However, more research is needed 

to confirm this conclusion (23).  

Although FM 550 has been detected in household dust and it contains components that have 

structural similarities with endocrine disruptors (thyroid hormones), little or nothing was 

known on their physiological fate in animals. Patisaul and coworkers exposed Wistar rats to 

100 or 1000 μg/day during pregnancy and lactation to study their growth, developmental 

behavior, and metabolic data. In addition to accumulation and primary metabolites of the 

brominated components, endocrine disrupting effects were also investigated. The authors 

claimed that FM 550 might perform endocrine disrupting properties at a level that was much 

lower than the no observable adverse effects level (NOAEL) declared by the manufacturer (50 

mg/kg/day). What’s more, in this study FM 550 was likely found to be an obesogen and a 

contributing element to metabolic syndrome as well.  

Metabolic syndrome, or Syndrome X, appears as a series of risk factors including high blood 

sugar, high blood pressure and abdominal fat. Metabolic syndrome can lead to heart attacks, 

strokes and type 2 diabetes (19, 91). Accumulation of both TBB and TBPH was found in tissues 

from the exposed Wistar rat dams. Specifically TBPH was explored only in dam hepatic tissues. 

TBB was also detected in the offspring and the contents of TBB in their adipose tissues were 

similar. This fact suggested TBB could be transferred from mother to offspring through the 

placenta and/or during lactation. The accumulated properties of ITPs and TPP were not 

illustrated but they were considered to be easily metabolized. 

In the dams, the disrupting behaviors of thyroxine (T4) were noticed. T4 is a thyroid hormone 

which is responsible for regulating metabolism, together with triiodothyronine (T3). The 

increase of T4 in exposed dams was significant and a positive correlation between T4 and 
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exposure to FM 550 was observed. It was possible that the function of thyroid hormone 

conjugating system, which could get rid of T4, was disrupted by TBB and TBPH.  

In terms of sex, females had an increased anxiety when exposure was higher. For males, the 

low-dose effect of exposure was noticed for zero maze (ZM) performance. The effects of FM 

550 on males elevated plus maze (EPM) behavior were uncertain due to the weak activity. The 

authors finally came to the conclusion that FM 550 was an endocrine disruptor and an obesogen 

at environmentally relevant levels. They also raised a concern that extensive industrial usage 

of TPP could become a serious problem since exposure might be omnipresent and still growing 

(11). 

McGee and colleagues investigated the potential teratogenic properties of FM 550 on 

vertebrates in their early development by doing screening tests on zebrafish. No significant 

adverse effects were observed when zebrafish embryos were exposed to 10 μM of the two 

brominated compounds and di-ITP or tri-ITP. Results also revealed that when exposed to 

organophosphates (in other words, TPP and mono-substituted ITP, or mono-ITP) in FM 550, 

cardiac looping and function might be disrupted during the formation of an embryo. 

Specifically mono-ITP could result in the same level of cardiotoxicity with only one-eighth the 

concentration of TPP. Compared to other components in FM 550, TPP and mono-ITP might be 

more easily ingested and accumulated by zebrafish embryo.  

Besides, the structural similarities between the two aryl phosphate ester (APE) components 

and aryl hydrocarbon receptor (AHR), agonist-induced phenotypes were noticed. Embryos 

exposed to TPP/mono-ITP were treated with and without an AHR antagonist 

(CH223191)/AHR2-specific morpholino. It was found that CH223191 was capable of 

inhibiting the malfunction brought on by mono-ITP, but not TPP. However AHR2 was unable 



 

46 

 

to prohibit the heart malformations induced by any of the two APE compounds. This fact 

inferred such effects were independent of AHR2. Furthermore, the authors discovered the 

exposure of mono-ITP could make AHR-driven luciferase more active at concentrations 

comparable to a known strong AHR agonist -- β-naphthoflavone. All of these results suggested 

TPP and mono-ITP lead to severe heart malformation in early development of vertebrates (12). 

Child care and preschool are places where infants and young children may spend up to 50 

hours weekly. Therefore information on FR exposures in these environments should be 

understood. Bradman and coworkers collected and analyzed flame retardants in air and dust 

from 39 California early childhood education (ECE) facilities from May 2010 to May 2011. 

Apart from fourteen PBDE flame retardants, two tris phosphate flame retardants and four non-

PBDE flame retardants including two brominated compounds in FM 550 (TBB and TBPH) 

were investigated. Besides, TBB and TBPH were measured in indoor and outdoor air. In air 

samples, two brominated components of FM 550 were detected and the levels of FRs in indoor 

air were larger than in outdoor air. The concentrations of TBPH in indoor air and dust loading 

levels had a good correlation with Spearman rho = 0.37 and a p-value smaller than 0.05. FM 

550 was present in all of the dust samples tested (Table 6) (92). TBB and TBPH were detected 

at median levels of 362.4 and 132.9 ng/g respectively, which were comparable to the reported 

values in other California homes (TBB: 100ng/g and TBPH: 260ng/g) (93). 
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Table 6. Flame retardant levels in dust (ng/g) from ECE facilities (n=39). Adapted from (92). 

Analyte >MDLa (%) Mean SD Median Max 

BDE47 100 1717.0 3085.7 768.9 15116 

BDE99 100 2351.0 4637.4 1031.1 25522 

BDE100 100 471.2 945.0 211.5 5525.0 

BDE118 76.9 25.0 24.3 24.2 121.9 

BDE153 100 297.1 633.1 125.1 3783.3 

BDE154 100 229.0 498.7 94.1 3031.6 

BDE183 87.2 26.0 27.7 17.3 139.2 

BDE190 2.6 <MDL <MDL <MDL 16.5 

BDE197 89.7 24.0 20.0 17.3 70.8 

BDE203 20.5 16.9 22.5 <MDL 69.2 

BDE205 0.0 <MDL <MDL <MDL <MDL 

BDE206 66.7 101.4 176.5 48.3 1085.5 

BDE207 100 79.5 86.1 46.7 481.1 

BDE209 100 2588.4 3363.1 1442.5 16792 

∑BDE 100 7956.6 10671.0 4225.0 55328 

TBB 100 1062.3 2510.1 362.4 14812 

TBPH 100 431.1 1191.9 132.9 7489.7 

TCEP 100 935.9 1580.2 319.1 6834.9 

TDCPP 100 6189.4 12710.5 2265.0 70931 

                 aMDL: Method detection limit 

 

Organotin is comprised of hydrocarbons and tin, which is a subcategory of persistent organic 

pollutants. Tributyltin (TBT) and triphenyltin (TPT) are two well-known organotins which can 

activate retinoid X receptor (RXRs) and peroxisome proliferator-activated receptor gamma 

(PPARγ). PPARγ, also known as NR1C3, is a type II nuclear receptor which has two isoforms 
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(PPAR-γ1 and PPAR-γ2) in human and mouse. Both RXRs and PPARγ are responsible for 

proper functioning of adipocytes (94). Organotins were initially utilized as antifouling agents 

in marine shipping paint. However in 1981 three male characteristics (the penis, the vas 

deferens and the convoluted oviduct) were found deformed on mud snails near Long Island 

Sound, Connecticut. After the screening tests, two antifouling paints containing TBT or similar 

compounds were proposed by the authors to induce the imposex activity (95).  

From 1950s TPT was introduced to kill fungi and mites but TPT hydroxide was banned for 

registration in California from 1983. Even so, organotins still existed as contaminants in dietary 

sources, for example, from seafood or crops sprayed by pesticides. Moreover, people tended 

to be affected by organotins when contacted with industrial water and textiles. Mono- and di-

organotins were widely used as stabilizers during the production of polyvinyl chloride. TPT 

could lead to reproductive toxicity in rats and the induced symptoms included fertility, neonatal 

death and histopathology. Either the parent compound or the metabolites could be responsible 

for inducing reproductive toxicity. From the authors’ point of view, metabolites of TPT might 

contain benzene, phenol and inorganic tin. Metabolism of TPT started from the gut and later 

in the liver by monooxygenases. The fact that TPT was associated with testicular cancer and 

pituitary carcinoma also indicated its endocrine disrupting properties. Furthermore, TPT also 

had an impact on steroid hormone metabolism and mitochondrial energy production, and could 

be bound to the androgen receptor (96). The structures of tributyltin and triphenyltin hydroxide 

are displayed in Figure 24. 
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(a) Tributyltin (TBT) 

 

Sn OH

 

(b) Triphenyltin hydroxide (TPTH). 

Figure 24. Chemical structures of TBT and TPTH. 

 

Belcher and coworkers studied human nuclear hormone receptor activity and cytotoxicity of 

FM 550 in vitro. The agonist actions of this FR mixture and how its components might 

influence human nuclear receptors (NRs) were investigated. The metabolites formed after 

short-term exposure of FM 550 share structural similarities with some organotins, which were 

considered endocrine disruptive (16) . Specifically, the triarylphosphate compounds in FM 550 

(that are (16), TPP and ITPs) have structures resembling that of TPT (Figure 25), which could 

potentially act as an obesogen and an endocrine disruptor. The authors studied the relationship 

between concentration of FM 550 and its agonist activities at several metabolism-related 

nuclear receptors.    
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Figure 25. Chemical structures of triphenyl phosphate (TPP) and triphenyl tin (TPT) chloride. 

 

From Figure 26, a significant relationship was observed between the concentrations of TPP/ITP 

and PPARγ activity (Figure 26 A and B). In terms of TPP [F(8,18)=36.15, p<0.0001], the 

exposure at concentrations of 10-5 and 10-6 M corresponded to a 6.23±0.63 and 2.84±0.34-fold 

increase in human PPARγ activity, respectively. Similarly, when exposed to 10-5 M ITP 

[F(8,18)=62.43, p<0.0001], PPARγ activity was observed to have a 6.91±0.49-fold increase. 

As for the two brominated components (TBB and TBPH), no significant relationship in 

statistics was noticed between their concentrations and PPARγ activity (TBB: F(8,18)=1.312, 

p=0.2988, TBPH: F(9,20)=0.9591, p=0.4998). 
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Figure 26. Relationship of PPARγ concentration and FM 550 components, triphenyl tin, 

tributyltin and tributyl(vinyl) tin. Taken from (16). 

 

The relative activity of FM 550, its individual components and organotins were compared and 

summarized in Table 7. Among the four compounds in FM 550, TPP was considered the most 

potent with a 20±2.2-fold increase in PPARγ activity at the concentration of 3*10-5 M. If the 

maximal activity of TPT chloride was set to 1, then 57±6% was the relative maximal activity 

of TPP. The exposure to ITP at a concentration of 10-5 M resulted in the maximal increase in 
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PPARγ activity, which was a 5.1±0.25-fold increase above baseline. The effects of TBB and 

TBPH on PPARγ activity were not observed (16). 

Table 7. Relative maximal PPARγ activity observed. Adapted from (16). 

 CAS# Concentration 
Relative activity 

(SEM)a 
AC50

b 

TPT Cl 639-58-7 0.1 μM 1.0 (0.04) 3.3 nM 

TBT Cl 1461-22-9 0.1 μM 0.84 (0.04) 16.0 nM 

TBVT 7486-35-3 10 μM 0.07 (0.01) NDc 

FM 550 - 25 μM 0.34 (0.02) 11.8 nM 

TPP 115-86-6 30 μM 0.57 (0.06) 12.3 nM 

ITP 68931-41-7 10 μM 0.15 (0.01) 3.8 nM 

TBB 183658-27-7 NAd ND NA  

TBPH 26040-51-7 NA ND NA  
astandard error of the mean 
bconcentration eliciting half-maximal response 
cnot determinable 
dno activity 

 
IC50 is an indication of the effectiveness of a certain material in restraining a bio-related process. 

It quantifies the half maximal inhibitory concentration. The IC50 values for loss of cell viability 

for TPP, ITP and FM 550 were 37, 40 and 90 μm, respectively (Figure 27). Due to the fact that 

two aryl phosphate compounds make up almost 50% of FM 550, the results inferred that TPP 

and ITP account for the cytotoxic activity from FM 550 exposure.  

Although TPT had a greater impact than TPP in PPARγ activity, it should be noted that the 

exposure to humans of TPP was much higher than to TPT. The in vitro test results revealed the 

effects of triarylphosphates on PPARγ and suggested TPP and ITP might be responsible for the 

primary metabolic disrupting properties of FM 550 (16).  
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Figure 27. Concentration response curves plotting the log concentration of FM 550, TPP, or 

ITPs vs. normalized calcein AM-uptake as a measure of CHO PPARγ reporter-cell viability 

relative to vesicle treated control. Taken from (16). 

 

TPP could activate androstane, pregnane X and estrogen receptors while inhibiting human 

androgen, progesterone and glucocorticoid receptors’ actions (18). Constitutive active 

receptors (CARs) are intrinsically unstable and are able to generate a biological response 

without a bound ligand. When CAR is constitutively active, its primary target gene (Cyp2b10) 

is expressed at very low levels. This suggests the fact that CAR must be restrained through a 

certain mechanism. The application of gas chromatography and electron ionization mass 

techniques revealed the active factions that antagonized mouse CAR were TPP with isopropyl 

(n=1-4) and isopropenyl (n=0 or 1) groups. Figure 28 illustrates the responses of PXR receptors, 

human CAR and mouse CAR, to different triaryl phosphates (10 μM) and the reference 

substances. The effects of triaryl phosphates on mouse CAR were also investigated and ITPs 

in the liver were found to be inhibitory to mouse CAR. On the contrary, human CAR was 

activated two to six times by each compound except for p-isopropyl phenyl phosphates (p-

iPrX3). Besides it was observed that ortho-substitution could provide a 30% higher human 

CAR activity than that of meta- or para-substitution. The more substituent groups there were, 
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the lower activity of human CAR. The relationship between triaryl phosphates and several 

human steroid hormone receptors was studied.  

To summarize, TPP and ortho-di-isopropylated phenyl phosphate could restrain the activity of 

androgen receptor (AR). On the other hand, estrogen receptor (ERα), glucocorticoid receptor 

(GR) and progesterone receptor (PR) didn’t have an evident relationship with triaryl 

phosphates either with or without receptor agonists. This study implied the activation of human 

CAR and PXR by triaryl phosphates and provided a pathway which might relate to the 

reproductive effects of triaryl phosphate (97). 
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Figure 28. The effects of triaryl phosphates on mouse and human CAR and PXR. Taken from 

(97). 

 

In 2013, Kojima and coworkers studied the effects of 11 organophosphate flame retardants 

(OPFRs, Figure 29) on human nuclear receptors. The 11 NRs being tested in the study were 

androgen receptor (AR), estrogen receptor α (ERα), estrogen receptor β (ERβ), thyroid 

hormone receptor α1 (TRα1), thyroid hormone receptor β1 (TRβ1), glucocorticoid receptor 

(GR), retinoic acid receptor α (RARα), retinoic X receptor α (RXRα), pregnane X receptor 
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(PXR), peroxisome proliferator-activated receptor α (PPARα) and peroxisome proliferator-

activated receptor γ (PPARγ). Transactivation assay is an efficient way to study the response 

of cells to changes in the environment. In their research transactivation was applied to 

investigate the agonistic and antagonistic effects of OPFRs on NRs (98). 

 

Figure 29. Chemical structures of the 11 OFPRs. Taken from (98). 

 

From Table 8, we can see TPP and TCP were observed to be the two agonists for ERα and TPP 

was the only flame retardant that had agonistic activity against ERβ. For the androgen receptor, 

four OPFRs including TBP, TDCPP, TPP (TPhP) and TCP exhibited antagonistic properties to 

it. Both TPP and TCP could activate PXR and inhibit GR and their comparable 

agonistic/antagonistic properties were probably due to the similarities in structures. In 

summary TPP and TCP were ERα, ERβ and PXR agonists and were antagonistic to AR and 
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GR (98). 

Table 8. Summary of agonistic and antagonistic activities of OPFRs against ERα, ERβ, AR, 

GR and PXR. Adapted from (98). 

Compounds 

 

Agonistic activity; 

REC20
a (±SD, μM) 

Antagonistic activity;RIC20
b 

(±SD, μM) 

ERα ERβ PXR AR GR 

E2 2.5±0.3(pM) 5.3±0.5(pM) - - - 

RIF - - 0.31±0.05 - - 

HF - - - 0.018±0.005 - 

RU-486 - - - - 0.057±0.007 

TMP N.E. N.E. N.E. N.E. N.E. 

TEP N.E. N.E. N.E. N.E. N.E. 

TPrP N.E. N.E. N.E. N.E. N.E. 

TBP N.E. N.E. 9.4±0.5 24±2 22±3 

TCPP N.E. N.E. 4.9±2.0 N.E. N.E. 

TCEP N.E. N.E. N.E. N.E. N.E. 

TBEP N.E. N.E. 3.1±0.3 N.E. N.E. 

TDCPP N.E. N.E. 1.4±0.5 1.9±1.5 16±4 

TEHP N.E. N.E. 4.7±0.2 N.E. 11±2 

TPhP 4.9±0.2 6.5±0.4 2.8±0.5 17±3 15±5 

TCP 9.4±0.9 N.E. 1.2±0.4 24±9 11±3 
a20% relative effective concentration; the concentration of the test compound showing 20% of 

the agonistic activity of 1*10-9 M E2 via ERα, 1*10-9 M E2 via ERβ, or 1*10-5 M RIF via PXR, 

respectively. 

b20% relative inhibitory concentration; the concentration of the test compound showing 20% 

of the antagonistic activity of 1*10-10 M DHT via AR or 3*10-8 M HC via GR, respectively. 

cNo effect (REC20 or RIC20>1*10-5). 

 

Suzuki and colleagues evaluated the potential endocrine disruptive properties of 66 indoor dust 

samples collected from 5 countries and 23 flame retardants by using human-cell-based 

CALUX reporter gene assays. Several nuclear receptors were investigated, including human 

androgen receptor (AR), estrogen receptor α (ERα), progesterone receptor (PR), glucocorticoid 

receptor (GR) and peroxisome proliferator-activated receptor γ2 (PPARγ2). The extracts from 
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indoor dust appeared to be ERα, GR and PPARγ2 agonists and AR, PR, GR and PPARγ2 

antagonists at the same time. Among the flame retardants studied, TPP was agonistic to ERα 

and antagonistic to AR and PR. Due to the existence of some phosphorus-containing FRs (such 

as TPP and TDCPP) at high levels in indoor dust (99), the lifecycles of the contaminants should 

be further studied (100).  

Pillai and coworkers studied ligand binding and activation of human PPARγ by FM 550 and 

its components, TPP and ITP. Solvent mapping was utilized as the technique to predict the 

location of TPP in the PPARγ binding site. From their results, FM 550 could bind to PPARγ 

and TPP was mainly responsible for this activity. It was observed through solvent mapping that 

TPP had an affinity with binding spots in PPARγ.  

As for adipocyte and osteoblast differentiation, bone marrow multipotent mesenchymal 

stromal cell models were applied. FM 550, especially TPP was able to alter the route of 

osteogenesis to adipogenesis by inducing additional transcriptional activity of human PPARγ-

1. The exposure of TPP to children was estimated by applying a screening-level exposure 

model and previous house dust data (85). It was inferred that TPP was mainly ingested by 

children from the dust. Previous research revealed that TPP could have mutual effects with a 

series of nuclear receptors (97, 98, 100).  

BMS2 cells are bone marrow stromal cells derived from C57BL/6 mouse and were evaluated 

for expression of adipocyte-specific protein perilipin after the treatment of FM 550. It was 

observed as seen in Figure 30 that the expression of perilipin was increased after exposed to 

FM 550. This fact suggested FM 550 or its components were PPARγ agonists which could 

promote adipocyte differentiation (18).  
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Figure 30. Perilipin expression in confluent BMS2 cultures after treated with Veh (DMSO, 

reported as 10–2 μM) or FM550 (0.1–10 μg/mL; 0.2–20 μM) for 7 days. Taken from (18). 

 

The binding affinities between FM 550 or its components and PPARγ ligand binding domain 

(LBD) were investigated. From Figure 31, for FM 550, its affinity for PPARγ LBD was related 

to its concentration (IC50=400 μm, Kd=210 μm). The amount of TBB or TBPH-varied 

polarization values almost remained the same, which implied these two brominated 

compounds do not bind to PPARγ LBD in the range tested. In contrast, TPP and ITP (contains 

about 40% of TPP) appeared to be ligands of PPARγ.  

Computational methods were also used to study how TPP and ITP could impact PPARγ LBD. 

Four binding hotspots were found in the selected region by using solvent mapping. The three 

rings of TPP fitted the three hotspots quite well, which suggested TPP was likely a ligand of 

PPARγ. The influence of FM 550 and TPP on bone differentiation in vitro was studied and the 

results exhibited that both FM 550 and TPP led to significant lipid accumulation at a 

concentration of 10 μM. Besides, expression of Sp7 in mRNA was decreased remarkably under 

the exposure of FM 550 and TPP. This further resulted in the restraint of the transcriptional 

program of Runt-related transcription factor 2 (Runx2), a crucial transcription factor relevant 
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to osteoblast differentiation. By combining the two facts above, it was inferred that FM 550 

and TPP had the ability to shift osteogenesis to adipogenesis. Therefore an attention should be 

paid to FM 550 and its aryl phosphate compounds since they might cause obesity and be 

harmful to bone health (18). 

 

Figure 31. Comparision of PPARγ ligand binding affinities of FM 550 and its components 

through the PolarScreen PPARγ-competitor assay. Taken from (18). 

 

Due to the lack of data on the effects of organophosphate flame retardants on human, Hoffman 

and coworkers investigated both the short-term and long-term variability of TPP metabolites 

in the urine of pregnant women. The urine samples were taken from eight women from central 

North Carolina. For each subject, three samples were picked up during the eighteenth week of 

pregnancy while another one was taken each from the twenty-eighth week and soon after the 

birth of the child, respectively. Diphenyl phosphate (DPP) is the metabolite of TPP in human 

bodies and its presence in collected urine samples was determined by using liquid 

chromatography-tandem mass spectrometry. DPP was detected in 38 of 39 samples, indicating 

its ubiquitous existence and its geometrical mean concentration was 1.9 ng/ml. This value was 
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a few times higher than concentrations put forward by other researchers, which might be 

attributed to the distinct kidney and excretion function in pregnancy. Although the limitation 

of sample quantities and composition may make the study lack some general meaning, the 

results did fit in with another study investigating the biomarkers in adult male urine samples 

by Meekers and coworkers (25). Hoffman’s study provided some confidence that the exposure 

of TPP (or DPP) to pregnant women was extensive and such exposure in the second trimester 

accounted for the majority of exposure during pregnancy (101).  

In 2013, Butt and colleagues investigated the exposure of OPFRs to children by analyzing the 

level of TBB and TPP metabolites in urine samples collected from 21 US mother-toddler pairs 

in a US pediatric clinic. TBB rapidly metabolizes to tetrabromobenzoic acid (TBBA) in human 

body (Figure 32) and was detected in 27% of adults, and as high as 70% of children. 

Furthermore, DPP and IDP (isopropyl diphenyl phosphate) were found in 98% and 96% of all 

subjects. From their results, in general children would have higher concentrations of DPP, IDP 

and TBBA in urine than their mothers. For each pair of mother and child, the level of TPP in 

their urine samples was significantly correlated with each other. This might infer that the routes 

of TPP exposure to mother and children were similar. The study also found that more hand-to-

mouth contact may result in higher levels of TPP exposure in children (20). 
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Figure 32. Chemical structures of parent compounds and metabolites. Adapted from (20). 

 

DPP was detected in 95% of twenty-two mothers and 100% of twenty-six children and the 

detection frequency of IDP was 100% and 92% respectively. As known, 32% mono-, 10% di-, 

2.4% tri- and 0.4% tetraisopropyl-TPPs are present in FM550 (14). In the current work only 

mono-IDP was investigated and it was inferred that both adults and children were also exposed 

to other kinds of IDPs at lower concentrations (Figure 33). The results implied that the 

exposure of children to OPFRs is omnipresent. Due to additional hand-mouth exposure, higher 

levels of OPFRs were detected in children’s urine rather than in adults’ (20).   
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Figure 33. Box and whisker plot: Concentrations of three OPFR metabolites (ng/ml, specific 

gravity normalized) in urine samples collected from mothers (n=22) and children (n=26). 

Taken from (20). 

 

In vitro studies showed TBB and TBPH could disrupt endocrine activities via interactions with 

estrogen and androgen receptors (ER and AR), and could also affect the production of 17-β-

estradiol (E2) and testosterone (T). Saunders and coworkers conducted a study to investigate 

the effects of the two brominated flame retardants on organisms. Japanese medaka were fed 

either 1500:1500 or 150:150 μg TBPH:TBB/g food or food spiked with acetone (as a control) 

each diet and the study lasted for 21 days. The accumulated yield of eggs could be used as a 

characterization of fish fecundity. Also, transcription of 34 genes along the hyperthalamus-

pituitary-gonadal-liver (HPGL) axis were observed, since they could act as biomarkers of 

exposure to estrogens thus help understand the mechanisms underlying the phenomena.  

The results indicated that the highest exposure of TBB/TBPH could lead to a 32% damage in 
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fecundity of medaka. The observed gene transcription of the HPGL axis was sex-related, which 

might be due to the difference in sex hormone concentrations. Exposure of TBPH/TBB mixture 

could alter the expression of some crucial genes in the brain, gonad and livers of female 

medaka. No significant difference was observed between the control group and the lesser 

concentration of the brominated mixtures (150:150 μg TBPH:TBB/g food) regarding the egg 

production. However, there was a statistical difference in egg production between the greater 

concentration of the mixture and the solvent control. When exposed to 1500:1500 μg 

TBPH:TBB/g food, egg numbers were only 68% of those in the solvent control (Figure 34). 

This fact implied greater exposure to TBPH/TBB could potentially decrease the population 

size and influence the survivability of the species (102). 

 

Figure 34. Cumulative production of eggs by medaka exposed to the control, 1500:1500 and  

150:150 μg TBPH:TBB/g food. Asterisks showed a significant difference (p<0.05) compared 

to the control. Taken from (102). 
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3.2. Cyclodextrins 

3.2.1. History 

Villiers, a French scientist, observed crystals in alcohol after the production of dextrins from 

starch in the late 19th century. He then analyzed the chemical composition and properties of the 

unknown crystals and named them ‘’cellulosine’’ (103). Another key character in cyclodextrin 

(CD) history is Franz Schardinger, an Austrian microbiologist, who isolated and described two 

crystalline compounds (α-dextrin and β-dextrin) obtained from a bacterial digest of potato 

starch in the early 20th century. Nowadays these compounds are normally called cyclodextrins 

(namely α- and β-cyclodextrin). Schardinger identified β-dextrin as Villiers’ ‘’cellulosine’’ and 

named the strain of bacteria, ’‘Bacillus macerans’’, which is responsible for CD synthesis. He 

is honored as the founder of CD chemistry after his massive and marvelous work on CDs (104-

106).  

After first attempts were made to distinguish different CDs, scientists continued to explore the 

mysteries of CDs and have reached a series of landmarks. γ-cyclodextrin was first discovered 

by Freudenberg and Jacobi and the cyclic structures of CDs were discovered in 1935 (107-

109). In the 1940s, the idea of inclusion complex formation was proposed. Freudenberg and 

Borchert elucidated γ-CD structure and identified structures of α, β and γ-CD by X-ray 

diffraction (110, 111). Other milestones in CD science include the first patent on CDs by 

Freudenberg in 1953, development of a phase-solubility model of inclusion complexation 

mechanism by Higuchi etc. in 1965 and the threshold of industrial application of CDs in food 

and cosmetics in the 1980s (112, 113). From 1935 to 1955, only small portions of impure CDs 

could be made, which impeded industrial utilization of these cyclic oligosaccharides. 

Fortunately in the 1970s, advanced biotechnology made the production of highly pure CDs a 

reality, which turned them from costly chemicals into excipients with reasonable prices (114). 
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3.2.2. Physical and Chemical Properties 

Cyclodextrins (CDs) are cyclic oligosaccharides containing six (α-CD), seven (β-CD), eight 

(γ-CD) or more (α-1, 4)-linked α-D-glucopyranose units. Preparation of CDs includes four 

principal phases (115):  

1) Production of the cyclodextrin glucosyl transferase enzyme (CGT-ase) by cultivating 

microorganism; 

2) Separation, concentration and purification of the enzyme from the fermentation medium; 

3) Enzymatical digestion of prehydrolyzed starch to mixed compounds of cyclic and acrylic 

dextrins; 

4) Isolation of CDs from the mixed compounds, following by purification and crystallization. 

Figure 35 displays the chemical and three-dimensional structures of different CDs. 

Cyclodextrins are not cylindrical and the arrangement of glucose monomers in CDs can be 

visualized as a doughnut. Indeed this shape is often described as a wreath-shaped truncated 

cone due to the torsional angles produced by the bridging oxygen atoms. The glucopyranose 

units (in the square bracket) hinder bond rotation which results in the truncated cone shape of 

cyclodextrins. X-ray structures demonstrate that the primary hydroxyl group (on C6) is located 

on the narrower edge (the primary face) while the secondary hydroxyl groups (on C2 and C3) 

are located on the other edge of the ring (the secondary face). All hydroxyl groups are directed 

towards the exterior of the truncated cone. On the other hand, the apolar C3 and C5 hydrogen 

atoms and the glycosidic oxygens are located inside the CD torus. Hence CD molecule 

possesses a hydrophobic inner cavity as well as a hydrophilic outside, which can be described 

as a ‘‘micro heterogeneous environment’’ (116). 
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Figure 35. Chemical structures (left) and 3D structure (right) of CDs. Taken from (117). 

 

Table 9 provides the main properties of α-, β- and γ-CDs. The internal and external diameters 

range from roughly 4.5 to 8.5Å and 14.5 to 17.5Å, respectively while their heights almost 

remain the same (7.9Å). It is interesting to notice the lower aqueous solubility of β-CD relative 

to the other two CDs. According to the water absorption trend proposed by Nakai, the solubility 

of β-CD should lie in between that of α-CD and γ-CD (118). To explain such a phenomenon, 

Coleman and coworkers suggested that the interaction of the aggregates with the surrounding 

hydrogen-bonding network (provided by water) decided the solubility. From light scattering 

measurements they found that the sizes of aggregates formed by α-, β- and γ-CD were similar 

(around 2000Å at 25g/L in aqueous solutions), indicating the aggregate size difference among 

natural CDs cannot be regarded as the decisive factor in water solubility (119). Other than α- 

and γ-CD, β-CD is asymmetric which may destroy the hexagonal symmetry of water, leading 

to reduced water solubility. This theory was confirmed by Tchoreloff and coworkers on the 
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basis of surface potential measurements (120). Furthermore, molecular dimensions of β-CD 

are considered optimal for the formation of a ring of intramolecular H-bonds which offset β-

CD hydration by water. 

Table 9. Physical properties of CDs. 

 α-CD β-CD  γ-CD 

Glucose units 6 7 8 

Molecular weight (g/mol) 972 1135 1297 

Inner cavity diameter (Å) 4.7-5.2 6.0-6.4 7.5-8.3 

Outer diameter (Å) 14.6 15.4 17.5 

Height (Å) 7.9 7.9 7.9 

Cage crystal melting range (°C) 255-260 255-265 240-245 

Solubility in H2O at 25°C (g/L) 145 18.5 232 

Water molecules per CD 6 11 17 

 

CDs are susceptible to acid hydrolysis but remain stable under alkaline conditions even at 

elevated temperatures. The stability of CDs toward acid hydrolysis depends on temperature 

and acid concentration. For instance, several strong acids such as sulfuric or hydrochloric acid 

can hydrolyze CDs. It is known that partial hydrolysis of CDs in acid generates glucose and 

acylic maltosaccharides. From thermal analysis it appears CDs decompose at around 300 °C, 

thus demonstrating good thermal stability (121).  

As mentioned above, solubility in waster differs dramatically among natural cyclodextrins. 

Since β-CD owns the lowest solubility, it is easily crystallized and is the most accessible and 

most commonly used in industry (27). Besides, β-CD makes up approximately 80% of CDs 

produced by enzymatic digestion of starch and that is one reason for their lower cost and easy 

access (122).  

3.2.3. Crystallography of Cyclodextrins 

When cyclodextrins are crystallized either as hydrates or inclusion complexes (ICs), the 

molecules will exist in two major crystal structures called cage and columnar/channel 
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structures (Figure 36) (123). Since α- and β-CD have relatively small sizes they can also form 

crystals in the layer structure, whereas γ-CD has only been observed to crystallize in cage and 

columnar structures. As indicated in Figure 36, columnar structures have no limitations on the 

lengthwise dimension but only restrict the lateral dimensions of the molecule. However for the 

cage structure, both openings of the cavity are segregated by adjacent CDs, keeping the guest 

molecules in the ‘’cage’’. This can also be called ‘’molecular encapsulation’’ and more than 

one CD might be needed to encapsulate the entire guest. 

                                 

                    (a) cage herringbone type                                         (b) columnar type 

Figure 36. Schematic of (a) cage herringbone type and (b) columnar type crystal structures 

formed by neat CDs or CD-ICs.   
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3.2.3.1. Cage Type Structures 

The cage type structures can be classified into two subcategories: cage herringbone and cage 

brick. In the herringbone type, CDs pack in a cross shape, and are observed on when the three 

parent CDs are cocrystallized with water. Cocrystallization of α-CD and methanol, iodine or 

other small molecules can also lead to cage herringbone structures. β-CD together with small 

alcohols may form cage structure, whereas complexes with larger molecules tend to adopt the 

channel type. Water is the only guest molecule that will cause a cage-type packing for γ-CD, 

otherwise γ-CD-IC takes the channel crystal form (124, 125). 

The second type of cage structure is called cage brick type structure. In this type of crystal 

structure, cyclodextrin molecules are arranged layer by layer, and the neighboring layers are 

staggered, making the CD cavity blocked by other CDs at its top and bottom. It can be regarded 

as a variation of the columnar structure, where each second unit is displaced relative to the 

channel axis. As a result, the columnar structure is interfered with and separate cages are 

formed (125). 

3.2.3.2. Columnar Type Structures 

In columnar crystal structures, CDs are packed on top of each other, forming a channel. Such 

an arrangement can be stabilized by hydrogen bonding from the hydroxyl groups of CD. In 

most cases, only one type of stack is formed in a particular crystal structure. However an 

exception has been found when a complex is formed between γ-CD and small organic 

molecules. In this case, an alternation of head-to-tail and head-to-head orientations is observed 

within the same array. The presence of β-CD dimers may also lead to the formation of 

columnar type crystal structures. CD molecules in a dimer can interact with each other on 

secondary faces. The shape of a dimer looks like a basket where the guest can be encapsulated 
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inside. Adjacent dimers stack on each other with facing O6-H sites thus creating a columnar 

structure (126, 127). 

3.2.4. Cyclodextrin Inclusion Complexes (CD-ICs) 

Perhaps the most striking feature of cyclodextrins lies in their ability to form inclusion 

complexes with a series of guest molecules. CDs can be visualized as empty containers with a 

certain capacity for including guests. Under such circumstances, an ‘’inclusion complex’’ or 

‘’inclusion compound’’ (IC) is formed. This terminology was first proposed by Schlenk in 1951, 

and other names such as ‘’clathrate’’ have the same meaning (126). Inclusion complexes 

contain two or more entities: one of which is called the ‘’host’’, encapsulating the ‘’guest’’ 

entirely or partly by non-covalent bonding. Figure 37 gives the approximate cavity volumes of 

the three common parent cyclodextrins.  

 

Figure 37. Approximate capsule volumes of each parent CD. Taken from (115). 

 

Generally, CD-IC formation is considered a dynamic equilibrium process and can be expressed 

by  [15]: 

άϽὅὈ ὲϽὋ
ȡ
ự Ὀ ὅὈ 

 [15] 

This is a reversible process where m moles of CD form a complex together with n moles of 
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guest molecule, with a stoichiometry of m:n. In  [15], Km:n is called the binding constant or 

stability constant, which can be expressed as [16]:                                                          

ὑ ȡ

Ὀ ὅὈ

Ὀ ϽὅὈ
 

[16] 

where [DmCDn] indicates the molar concentration of DmCDn. 

It is well known that the interactions between CD and guest molecules lead to increased water 

solubility of guests, which normally are hardly soluble in water. This is due to the plentiful 

hydroxyl groups of CD, which bring excellent solubilization in aqueous surroundings. Figure 

38 illustrates the inclusion complex formation of CD and a guest molecule in an aqueous 

environment. To build an equilibrium in favor of inclusion of a guest, the guest within the 

cavity should be in a lower free energy level compared with that in solution (114, 121).

 

Figure 38.  Inclusion complex formation of α-CD and 4-fluorophenol in water. Blue dots 

represent for water molecules. Adapted from (127). 

 

The basic condition for inclusion complex formation is no doubt the dimensional compatibility 

between the cavity and the guest molecule. As mentioned above, α-, β- and γ-CDs are selective 

in the sizes of guests they can complex, and so can be utilized to separate different molecules. 
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For instance, α-CD is often applied to form inclusion compounds with small molecules like 

propionic acid, due to the strong interactions between the guest and host α-CD (125). In such 

case, CDs with larger rings may not provide a “tight fit” for the guest. However, inclusion 

complexation does not necessarily demand full encapsulation of the guest molecule in one CD. 

Instead many times a CD complexes with large guest compounds by encapsulating only part 

of the guests, forming a complex with multiple CDs. Figure 39 illustrates the dynamic 

equilibrium for drug-CD complexes with different stoichiometries. In particular, Figure 39 

shows the basic idea of how prostaglandin can form inclusion complexes with three parent 

CDs (128).  

 

Figure 39. Several cases of formation of inclusion complexes. A. 1:1 drug-CD complex; B. 1:2 

drug-CD complex; C. Proposed models of inclusion complexes between prostaglandin E2 and  

(a) α-CD, (b) β-CD and (c) γ-CD. Adapted from (129). 
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3.2.5. Preparation of Cyclodextrin Inclusion Complexes 

Paste, slurry, co-precipitation, and dry mixing methods are some commonly used routes used 

to prepare CD-ICs. Among them, co-precipitation is the most widely used method on the 

laboratory scale. However, in large scale production the other three methods are applied more 

frequently, because co-precipitation is associated with a huge amount of water usage and a 

serious problem in water treatment. In the co-precipitation method (Figure 40), the guest 

molecule is first dissolved in an aqueous solution of CD. An appropriate organic solvent is 

used to help dissolve the guest if it is water-insoluble. This solution is then added to an aqueous 

solution of CD with stirring. IC precipitates at once or during slow cooling from the heated 

solution. Later the precipitate will be washed with both organic solvent and water to eliminate 

unwanted and uncomplexed guest and host molecules. Finally after filtration and drying, the 

IC is obtained (130, 131). 

 

Figure 40. Diagram showing the process of co-precipitation method. 

 

As for industrial uses, the slurry method seems to be the best fit. CD is suspended in water at 

up to 40-45 w/w concentration. Properties of the guest molecule together with the degree of 
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agitation are the key factors for the time needed for complexation. CD, the guest molecule, and 

water are mixed in certain devices with various mixers like blade mixers and extruders in the 

paste method. Compared to the slurry method, here water usage is much less. Indeed it utilizes 

the lowest concentration of water of about 20-30 weight percent. To shorten the processing 

time, a mixing device with high shear is utilized. As for the dry mixing method, as its name 

implies, guest molecules are mixed with CD in a barely waterless environment, which has a 

mixing time lasting as long as several months (27). 

3.2.6. Characterization of Cyclodextrin Inclusion Complexes 

A series of characterization techniques can be applied to analyze CD inclusion complexes, 

including: Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), 

differential scanning calorimetry (DSC), wide-angle X-ray diffraction (WAXD) and nuclear 

magnetic resonance spectroscopy (NMR). 

FTIR is used to demonstrate the presence of both the host and guest in the final precipitate by 

providing the vibrational properties of their molecular structures, as well as their surrounding 

environments. The presence of characteristic peaks of both CD and the guest in FTIR scan is 

the prerequisite of IC formation.  

TGA measures the thermal stability and decomposition behavior of the inclusion compounds. 

Many physical and chemical reactions can be observed during TGA, such as second-order 

phase transitions and sublimation. Normally weight loss or gain is associated with processes 

due to decomposition or oxidation.  

DSC is very useful in judging whether the guest molecule has been included in the cyclodextrin. 

Once a guest molecule is encapsulated in CD cavity, its overall crystalline structure is changed 

and the crystalline and melting properties will be altered. Therefore no melting points for the 
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guest would appear in the DSC curve if it is included inside the CD cavity (26, 132, 133).  

Wide-angle X-ray diffraction is used to analyze the crystal structures of CD complexes. For 

instance, comparison of the X-ray diffractograms of CD-IC with CD·12H2O-IC and 1-

propanol-CD-IC (which are known to be cage and channel crystal structures respectively) are 

often made (134-137). This can help researchers to have a better understanding of the crystal 

structures of the inclusion complexes.  

Nuclear magnetic resonance is widely used to determine the existence and even the 

stoichiometry of the ICs. In NMR solution spectra, a shift in peaks characteristic to both the 

guest the host are displayed upon complexation. Since the surrounding environment of the 

hydrogen atoms will change once the soluble CD-IC is formed, shifts in peaks of both the 

atoms in host CD and the guest can be observed.  

The information on chemical shifts is important to construct inclusion modes. In a single 

pyranose unit, the six hydrogens that connected directly to carbons can be numbered as Figure 

41 displays. Among them, H3 and H5 protons are situated in the inner cavity of cyclodextrin, 

with H3 closer to the secondary face and H5 to the primary face. Once a guest molecule enters 

the CD cavity and an inclusion complex is formed, the relative chemical shifts of H3 and/or H5 

are likely to be shifted (138, 139). In recent years, two-dimensional nuclear magnetic resonance 

spectroscopy (2D NMR) becomes more and more popular for confirmation of soluble CD 

inclusion complexes. NOESY (nuclear Overhauser effect spectroscopy) and ROESY (rotating 

frame nuclear Overhauser effect spectroscopy) are two through-space correlation methods 

which are able to detect the correlations between nuclei that are physically close to each other. 

No matter whether there is a chemical bond between them, adjacent atoms within 5Å can be 

found (140). 
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Figure 41. The cyclodextrin structure with glucopyranose unit numbering. H3 and H5 (in gray) 

are located inside the cavity. Taken from (141). 

 

Shao and coworkers successfully formed an inclusion complex between chlorogenic acid 

(CGA) and two cyclodextrins, aiming to enhance the stability of the former compound. A co-

precipitation method was used to prepare the ICs and several characterization methods 

including FTIR, XRD, proton NMR and scanning electron microscope (SEM) were employed 

to verify the formation of the complexes. 

Figure 42 displays the FTIR spectra obtained for a series of compounds. From Figure 42(C), 

several distinct peaks of CGA were noticed, including absorptions bands at 1280cm-1 (aromatic 

C-O stretching vibration), 1441cm-1 (olefinic C-H bending vibration), 1600cm-1 (benzene ring 

stretching vibration), 1642cm-1 (C=C vibration), 1690cm-1 (C=O vibrations) and 3349cm-1 

(aromatic O-H stretching vibration). As for β-CD, vibration bands at 2800-3000cm-1 and 3010-

3780cm-1 were observed, which correspond to the alkyl groups and the hydrogen-bonded 

hydroxyl groups, respectively. In the spectra of the complexes, several differences were noticed 

compared to the isolated constituents. A few peaks (1280 cm-1 and 1600 cm-1) from the guest 

were not observed in the IC spectra and peaks (3390-3404 cm-1) representing for hydrogen-

bonded hydroxyl groups in β-CD were shifted in the IC spectra as well. The spectral differences 
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before and the after the complexation process provided some evidence that the aryl groups 

were included in the β-CD cavities. 

 

Figure 42. FTIR spectra of (A) HP-β-CD (B) CGA- HP-β-CD-IC (C) CGA (D) CGA-β-CD-

IC and (E) β-CD. Taken from (142). 

 

As seen in Figure 43, the XRD patterns of both β-CDs and CGA clearly demonstrated that the 

three substances were in a crystalline form. However, broad peaks were observed for two 

inclusion complexes and apparently the patterns were not simply the combination of the host 

and guest X-ray patterns. This indicated ICs were in an amorphous state and were not the 

physical mixtures of crystalline CGA and β-CDs.  
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Figure 43. XRD patterns of (A) β-CD (B) CGA-β-CD-IC (C) CGA (D) CGA-HP-β-CD-IC (E) 

HP-β-CD. Taken from (142). 

 

By comparing the NMR spectra of the hosts and two ICs (See Figure 44), the changes in 

chemical shifts of all six numbered hydrogens were found. For β-CD inclusion complexes, H3 

and H5 had the largest shifts among the six hydrogens, with shifts of 0.185 ppm and 0.061 ppm, 

respectively. This fact suggested that the guest molecule was likely to enter the cavity from the 

secondary face. H3 and H5 in HP-β-CD-ICs demonstrated a similar trend (142). 
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Figure 44. Proton NMR spectra in D2O at 25°C of (A) CGA (B) β-CD (C) CGA-β-CD-IC (D) 

HP-β-CD (E) CGA-HP-β-CD-IC. Asterisk stands for the solvent (D2O) peak. Taken from 

(142). 

 

In 2011, Kayaci and Uyar reported the formation of an inclusion complex between β-CD and 

solid vanillin, a flavoring additive. Their major objective was to improve the thermal stability 

of vanillin and both the freeze-drying and co-precipitation methods were applied. To confirm 

the formation of ICs, characterization methods such as FTIR, TGA, DSC, XRD and 1H-NMR 
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were utilized. 

From Figure 45 (a) it was observed that vibrational modes of 1030 cm-1, 1080 cm-1 (coupled 

C-C or C-O stretching vibrations) and 1155 cm-1 (asymmetric stretching vibration of C-O-C 

glycosidic bridge) were characteristic to CDs. In Figure 45 (b)(v), characteristic peaks of 

vanillin were also given, including peaks at 1510, 1590 and 1665 cm-1, which was related to 

the stretching vibrations of the aromatic ring and C=O of the aldehyde group. The featured 

peaks from CDs and vanillin were present in their corresponding ICs and were shifted slightly. 

This fact indicated the existence of the CDs and vanillin in the samples and the presence of 

host-guest interactions. 

 

Figure 45. FTIR spectra of (a) as-received (i) α-CD (ii) β-CD (iii) γ-CD and (b) (i) vanillin-α-

CD-IC (ii) vanillin-β-CD-IC (iii) vanillin-γ-CD-IC (iv) vanillin-γ-CD-IC (co-precipitation) 

and  (v) vanillin. Taken from (137). 

 

The as-received CDs were known to be “empty” cage-type crystal structures and this was 

confirmed in Figure 46 (a) (135, 143). Vanillin adopted a crystalline structure and had an 

intense peak with a 2θ value of 13°. Vanillin-α-CD-IC had two broad peaks in the XRD pattern 

thus was in an amorphous state. Besides, the presence of peaks at 2θ = 13° and 20° might be 
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an indication that a channel-type crystal structure was formed (144). In the XRD pattern of 

vanillin-β-CD-IC, no peaks from vanillin were found, and such pattern implied that IC might 

adopt a channel-type structure according to previous research (143). In terms of γ-CD, both 

freeze-drying and co-precipitation methods could be used to synthesize solid vanillin-γ-CD-

IC. It was found that IC made by the former route took the tetragonal channel structure, while 

IC made by the latter route adopted a combination of hexagonal and tetragonal structures (136, 

144).   

 

Figure 46. XRD patterns of (a) as-received (i) α-CD (ii) β-CD (iii) γ-CD and (b) (i) vanillin-α-

CD-IC (ii) vanillin-β-CD-IC (iii) vanillin-γ-CD-IC (iv) vanillin-γ-CD-IC (co-precipitation) 

and (v) vanillin. Taken from (137). 

 

An endothermic peak at around 80 °C appeared in the thermograms of three physical mixtures, 

which corresponds to the melting point of vanillin (Figure 47 (b)). In comparison, the peak at 

80 °C was absent in the thermograms of vanillin-β-CD-IC and the vanillin-γ-CD-IC (both 

methods). There was a tiny peak near the melting point of vanillin observed in the vanillin-α-

CD-IC, suggesting the existence of free guest molecule. By combining the FTIR and XRD 

results, the complexation of vanillin with β-CD and γ-CD was successfully made and 
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confirmed, and there were a few free guest vanillin molecules that were uncomplexed in the α-

CD-IC. 

 

Figure 47. DSC thermograms of (a) (i) vanillin-α-CD-IC (ii) vanillin-β-CD-IC (iii) vanillin-γ-

CD-IC (iv) vanillin-γ-CD-IC (co-precipitation) and (b) (i) vanillin-α-CD physical mixture, (ii) 

vanillin-β-CD physical mixture, (iii) vanillin-γ-CD physical mixture and (iv) vanillin. Taken 

from (137). 

 

TGA thermograms of pure vanillin, the three CDs, three corresponding physical mixtures and 

ICs are depicted in Figure 48. The degradation of vanillin roughly started at 80 °C and ended 

at 200 °C. Thermograms of three physical mixtures showed three phases: evaporation of water, 

degradation of vanillin (80-200 °C) and cyclodextrins. Inclusion complexes also contained 3 

major weight loss stages, matching water loss, degradation of vanillin (150-300 °C) and CDs 

respectively. The elevated degradation temperature (from 80-200 °C to 150-300 °C) of vanillin 

was a reflectance of its enhanced thermal stability. This improvement might be attributed to 

the interactions/encapsulation between/of guest vanillin and host CDs (137). 
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Figure 48. TGA thermograms of (a) (i) α-CD (ii) vanillin-α-CD-IC (iii) vanillin-α-CD physical 

mixture and (iv) vanillin; (b) (i) β-CD (ii) vanillin-β-CD-IC (iii) vanillin-β-CD physical 

mixture and (iv) vanillin; (c) (i) γ-CD (ii) vanillin-γ-CD-IC (iii) vanillin-γ-CD-IC (co-

precipitation) (iv) vanillin-γ-CD physical mixture and (v) vanillin (137). 

 

3.2.7. Metabolism and Pharmacokinetics 

Similar to starch, after oral administration the digestion of simple linear dextrins follows a 

stepwise enzymatic hydrolysis, where glucose is the final metabolite (145). Although dextrins 

can be readily hydrolyzed by salivary α-amylase, orally administered ones will rapidly be 

carried into the stomach where the enzyme is inactivated. In the stomach, a few non-enzymatic 

acids could hydrolyze the dextrins, while the process could be delayed for those CD complexes 
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with food lipids. The dextrins will then be hydrolyzed by α-amylase in the small intestine and 

can be further digested by bacteria in the lower section of the digestive system. In general, 

linear dextrins are used through parenteral administration. Routes of administration are 

categorized either by the location where the substance is applied, or according to where the 

target action is. The substance can be delivered via the parenteral or the gastrointestinal tract. 

The examples of parenteral routes include intramuscular, subcutaneous and intravenous routes. 

Gastrointestinal, or nonparenteral contains mainly oral, topical, nasal and rectal routes. 

Parenteral routes are considered straightforward and reliable in medication administration 

which also offer the most rapid absorption. The oral administration is the most commonly used 

approach for its ease and convenience.  

Among many pharmacokinetic parameters, ‘’urinary clearance’’ and ‘’hepatic uptake’’ are 

frequently mentioned (146). As molecular weight increases, urinary clearance of dextrins goes 

down. Dextrins with a molecular weight below 15 kDa are excreted almost unchanged in the 

urine, while those with a molecular weight more than 50-60 kDa are generally degraded in the 

liver before the human body eliminates it (147-149). Besides, a few dextrans used in parenteral 

solutions are excreted with bile via the gastrointestinal tract (150). 

Physicochemical and biological properties of cyclodextrins are similar to those of linear 

dextrins in many aspects. However different from dextrins, CDs are more resistant to 

enzymatic and non-enzymatic hydrolysis due to their cyclic structure. β-amylase can break 

down starch from the non-reducing end but it has no effect on cyclodextrins. However α-

amylase which hydrolyzes starch from within the carbohydrate chain can break down CDs, but 

only slowly. The hydrolysis rate is associated with the ring size as well as the amount of free 

CD. Buedenbender and Schulz investigated the mechanism of hydrolysis of CD and found out 
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that compared to free CD, those with inclusion complexes were hydrolyzed more slowly. They 

also pointed out as the cavity size became larger, the rate of hydrolysis turned out to be faster 

(151). Their conclusion has been further validated by Szejtli and Munro who claimed, while 

α- and β-CDs were resistant to salivary α-amylase, γ-CD was promptly digested by salivary 

and pancreatic α-amylase (152, 153).  

In the gastrointestinal tract, both natural CDs and their derivatives are easily affected by 

bacterial digestion. In terms of oral administration, α- and β-CDs are primarily decomposed by 

bacteria in the colon, whereas all γ-CD is nearly consumed in the gastrointestinal tract (Figure 

49). Specifically, degradation of α-CD needs more time than β-CD. For parenteral 

administration, more than 90% of cyclodextrin remain unchanged in the urine glomerular 

filtration. Remaining CD can be removed by biliary excretion via the gastrointestinal tract or 

liver metabolism, which is similar to that of low molecular weight dextrans (154, 155). 
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Figure 49. Comparison of the digestion of three natural cyclodextrins after oral administration. 

Taken from (114). 

 

3.2.8. Application of Cyclodextrins 

Cyclodextrins’ abilities to form inclusion complexes with several compounds makes them 

extremely popular and well-known. Physical and chemical properties of the guests are changed 

after being encapsulated by CDs, resulting in many benefits. To date the application of CDs is 

mainly focused on areas of foods and pharmaceuticals. Other significant uses include fixation 

of volatile materials, immobilization of unstable (both physically and chemically) substances 

and elimination of odors. 

3.2.8.1. Food Industry 

A variety of existing problems in the food industry can be solved with the aid of cyclodextrins. 

CDs are considered to be helpful in solubilizing vitamins, protecting light- or oxygen-sensitive 

food constituents and regulating the release rate of food components. As we can imagine, flavor 
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is a crucial factor in food quality and safety and influences customer purchases to a great extent. 

During the production, packaging and transportation processes, the overall flavor of the food 

tends to change. The formation of an inclusion complex between CD and the flavor has been 

demonstrated to immobilize the volatile flavor elements effectively. More surprisingly, even 

upon heating and evaporation, the flavor-CD-IC appears to be stable and can keep its aromatic 

character. Probably the most fashionable way of using CD nowadays resides in the removal of 

cholesterol from eggs and dairy products (156, 157). CDs are used to get rid of fatty acids and 

can eliminate up to 80% of cholesterol. In addition, the browning of juice, which is caused by 

polyphenol-oxidase, can be removed by complexation of oxidase with CD. This prevents the 

colorless compounds from transforming phenolic groups to colored ones with the action of the 

enzyme (158). 

3.2.8.2. Pharmaceuticals 

Drugs need to be fairly soluble in order to be delivered to cellular membranes. However they 

also have to be somewhat hydrophobic to travel across the membrane. CD and its derivatives 

are widely used as solubilizers in the pharmaceutical industry. Prostaglandin E2/β-CD 

(Prostarmon ETM sublingual tablets) was marketed in Japan in 1970s, and was the first CD-

involved pharmaceutical product in the world. In the next few decades, piroxicam/β-CD 

(Brexin® tablets) and itraconazole/2-hydroxypropyl-β-CD (Sporanox®) were introduced in 

Europe and the US respectively. To date, universally there are over 35 drugs associated with 

cyclodextrin inclusion complexes on the market. In the pharmaceutical industry, CDs 

commonly help to improve the solubility of poorly water-soluble drugs thus enhancing their 

biostability and bioavailability. Also after the formation of the complexes, drugs can be 

segregated from each other and therefore avoid drug-drug interactions. Furthermore, unwanted 
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smells or tastes and potential irritation can be reduced by encapsulating drugs with CDs (159, 

160).  

For those drugs with low solubility, cyclodextrin is considered as an excellent carrier to deliver 

them to the surface of biological membranes. At the same time the fairly large structure and 

hydrophilic outer surface of cyclodextrin make it hard to penetrate the biological membrane 

(161, 162). As a result, it stays outside the membrane and the drugs are then ready to enter the 

biofilm. Traditional drug delivery systems are connected to a series of problems such as 

high/low pH and organic chemicals/additives, resulting in allergies and other side effects. On 

the contrary, CDs are considered not irritants and have vast benefits such as reduction in drug 

volatility, removal of unpleasant drug odors and fixation of unstable compounds. All these 

advantages make cyclodextrins applications possess flying colors and used extensively in the 

pharmaceutical industry (163-168). 
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3.3. Computational Studies 

3.3.1. Quantum Chemistry and Schrodinger Equation 

The word ‘’quantum’’ comes from ‘’quantity’’ and it describes the smallest discrete unit of 

any physical entity. Quantum chemistry is a branch of theoretical chemistry and is derived 

from quantum mechanics. Different from classical mechanics, quantum mechanics is based on 

the concept called wave-particle duality and is believed to be the only approach to study the 

nature of atoms, chemical bonding, molecules and intermolecular forces. 

The theoretical background of quantum chemistry is the time-independent Schrodinger wave 

function ([17]), which is responsible for the calculation of the ground state energy of many 

atoms. 

(   Ὁ  

[17] 

where Ψ stands for the wavefunction and is a function of the positions of all nuclei and 

electrons in the system. Hop is the Hamiltonian operator and is a combination of the kinetic 

energy and the potential energy operator. An operator corresponds one function onto another 

function. E is representative of the total energy of the system (169). 

The use of several approximations are the prerequisites for the solution of this equation. These 

assumptions include Born-Oppenheimer approximation, Hartree-Fock independent electron 

approximation and linear combinations of atomic orbitals (LCAO) approximation (170).  

Unfortunately, the Schrodinger equation can only provide solutions for a few simple systems. 

This is because, although wave function contains the full information of a system, it is difficult 

to obtain the data experimentally. Besides, wave function is based on “3N” variables, where 
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“N” stands for the number of electrons. As a result, as the system gets larger, the solution of 

the equation will be much more complicated, especially for calculating the interactions (171). 

3.3.2. Density Functional Theory  

Density functional theory (DFT) offers a unique perspective to calculate the molecular energies. 

Hohenberg and Kohn proposed two theorems in 1964, which has a profound influence in the 

development of DFT. The first theorem stated that the electron density could determine the 

total energy of a system and other ground state properties. In the second theorem, it was stated 

that the system took its minimum energy only when the input density was equal to the real 

ground state density (172).  

Walter Kohn was awarded with the Nobel Prize in Chemistry for “his development of the 

density-functional theory” in 1998 (173). During the past few years, it has been used 

widespread for solving the quantum mechanics of many-particle systems (174, 175). Figure 50 

plots the number of papers (in thousands) with ‘’DFT’’ (grey bars) searched as a topic, 

according to the data provided by Web of Knowledge; the number of papers citing ‘’B3LYP’’ 

(blue) and ‘’PBE’’ (green), the two most prevailing approximations in chemistry and materials, 

are also indicated in the figure. Such a huge growth may be attributed to its simplicity and the 

balance between the accuracy, speed, cost and efficiency (170).  
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Figure 50. Number of papers when ‘’DFT’’ (grey) is searched as a topic in Web of Knowledge, 

‘’B3LYP’’ citations (blue) and ‘’PBE’’ citations (green). Taken from (176). 

 

A function is a prescription that maps inputs and outputs, where each input corresponds to 

exactly one output. An example of a function is displayed in [18]: 

Ὢὼ ώ 

[18] 

A functional is a function of another function, which can be illustrated in [19] as below: 

ὊὪὼ ώ 

[19] 

The basic idea of DFT is that all molecular properties in their ground states can be determined 

once the density profile is known. For a system with N electrons, the wave function contains 

3N variables. However in case of density ρ(r), only three positional coordinates (x-, y- and z-
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positions of the electrons) will count as variables and ρ(r) is independent of the size of the 

system. Besides, unlike wave function which is a mathematical construct, density is a physical 

characteristic of all molecules. Other useful information such as chemical potential, 

hardness/softness and Fukui function can also be obtained by DFT, which also makes it a 

popular computational approach. The functional of electron density provides the information 

of the total energy of a molecule ( [20]): 

ὉὰὩὧὸὶέὲ ὨὩὲίὭὸώ”ὼȟώȟᾀ 

ὉὲὩὶὫώὊ”ὼȟώȟᾀ  

 [20] 

How particles are distributed and spread in a given system can be determined if the density 

information is known. For instance, electron density provides information about where 

electrons possibly exist in a chemical system. The electron density, ρ(r), is the core concept in 

DFT and determines the probability of the existence of N electrons in a given volume element 

d(r). ρ(r) is a function of three space coordinates and can be measured physically by X-ray 

diffraction. 

In recent years, Kohn-Sham (K-S) is considered the most prevailing version of DFT. This 

approach starts from a reference system and considers the electrons as N hypothetical non-

interacting particles which move in an effective potential. According to Kohn and Sham, the 

exact kinetic energy of a system is calculated by using the real density. The K-S theory is shown 

in its simplest form as follows: 

Ὁ” Ὕ” Ὁ ” ὐ” Ὁ ” 

 [21] 
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where E is the energy of a system, T is the kinetic energy of the electrons, Ene is the nuclear-

electron attraction (Coulombic) energy, J is the electron repulsive (Coulombic) energy and Exc 

is the electron-electron exchange-correlation energy. Each of the above item is a functional of 

the electron density (177). 

Although DFT is able to theoretically depict ground state properties, in real circumstances the 

application of DFT is dependent on approximations of the exchange-correlation energy. Such 

energy must be given in terms of ρ(r) and acts as a key role in all of the above equations. The 

electron correlation part illustrates how electrons interact with each other in an atom or a 

molecule. And the electron exchange aspect is related to the quantum mechanical property of 

electrons, which describes the electron exchange between a fermion and a boson. Overall, the 

exchange-correlation energy depicts the impact of Pauli Exclusion Principle and Coulomb 

potential beyond a pure electrostatic interaction of the electrons. If the exact exchange-

correlation energy is obtained, the many-body problem can be solved precisely (178).  

3.3.2.1. Local Density Approximations 

A great deal of approximation methods have been proposed to interpret the exchange-

correlation term and the simplest one is the local density approximation (LDA) (177). It is 

regarded as the basis of all approximations with the core concept that the electron gas is 

uniform. In LDA theory, the density is supposed to change at a slow rate and the non-uniform 

density of a system can be calculated by using the homogeneous electron gas functional instead. 

LDA was used widely in the 1970s and 80s and works well with electronic band structure of 

solids specifically. A few ground state properties including bulk moduli and lattice constants 

can be well-predicted by LDA, however the dielectric constant is overrated by as high as 40% 

in comparison with experiment. The inaccuracy may be attributed to overlooking of 
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polarization in the exchange correlation part. The moderate accuracy brought by LDA is 

considered deficient for many chemical applications and LDA cannot apply to several systems 

such as heavy fermions (176). 

3.3.2.2. Generalized Gradient Approximation 

In the real world, the electron density is apparently not uniform and LDA was improved by 

adding the gradient of density into the functional. Thus the value ρ(r) is not taken at a specific 

location but is rather used as ρɳ(r), which can be in charge of the non-uniformity of the real 

electron density.  The generalized gradient approximation (GGA) has a gradient correction 

factor, ɳ ρ(r), included in the functional in order to measure the rate of change of some property. 

It was introduced in the late 1980s and have fair accuracy in chemical calculations (179).  

3.3.2.3. Hybrid Functionals 

Hybrid methods, which integrate both the Hartree-Fock and DFT approximations to the 

exchange energy are used universally nowadays. It was proposed by Becke in the early 1990s 

and some GGA exchange was substituted for Hartree-Fock exchange in these approximations. 

The birth of these methods were inspired by the Adiabatic Connection Formula which was a 

formally exact way to calculate the exchange-correlation energy. Becke proposed a new 

functional and the coefficients in this expression were set to meet the observed properties for 

several small molecules. These properties contained proton affinities, ionization potentials, 

atomization energies and total atomic energies. (180, 181).  

While John Perdew was using precise conditions of quantum mechanics to build the 

functionals and claimed them non-empirical (179, 182), Axel Becke and Bob Parr started 

thinking to use a few parameters such as B88 and LYP in the functionals to be responsible for 

exchange and correlation, respectively (181, 183). B3LYP is short for ‘‘Becke 3-term 
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correlation functional; Lee, Yang and Parr exchange functional’’ and is generally accepted as 

the most popular density functional since it yields good structural and thermochemical 

properties. For such hybrid approximations, one of the most amazing features is that the exact 

Hartree-Fock exchange energy is included in the exchange and correlation retrieved from other 

functionals (184, 185). It is noted that a series of approximations including local density 

approximation (LDA), Hartree-Fock (HF), Becke-1988 (B88)(181), Lee-Yang-Parr 1988 

(LYP88)(183) and Vosko, Wilks, Nusair 1980 (VWN80)(186) are parts of B3LYP, making this 

hybrid functional the “industry standard” in many practical applications. Table 10 summarizes 

a few important exchange-correlation approximations, with the name, type and acronym.  

Table 10.  A summary of some famous approximation methods. 

Method Type Acronym 

Hartree-Fock Slater 

functional 

Hartree-Fock with local 

density approximation 

exchange 

HFS(187) 

Vosko, Wilks, and Nusair 

Local Density 

Approximation (target on 

electron correlation 

approximation) 

VMN(186) 

Becke correlation 

functional; Lee, Yang, Parr 

electron exchange 

functional 

Gradient-corrected LDA 

functional 
BLYP(181) 

Becke 3-term correlation 

functional; Lee, Yang, and 

Parr exchange functional 

Hybrid DFT B3LYP(183) 

Perdew 1991 functional 
Gradient-corrected LDA 

functional 
P91(182) 

Becke 3-term correlation 

functional; Perdew 

correlation term 

Hybrid DFT B3P86(180) 

Modified Perdew-Wang one 

parameter hybrid for 

kinectics 

Hybrid DFT MPW1K(188) 

 

  



 

97 

 

A soup of assorted exchange-correlation approximations is shown in Figure 51: 

 

Figure 51. The alphabet soup of approximate functionals available in a code near you. Taken 

from (176). 

 

3.3.3. Basis Set 

A basis set is a series of functions which aims to provide information for molecular orbitals 

together with linear combinations. It is an approximation to solve the Kohn-Sham equations 

for the molecular orbitals on the computer. A complete basis set is considered to describe the 

information of any molecular orbital exactly, however such complete basis set requires an 

infinite number of functions thus is impossible practically. When choosing a basis set, it should 

be guaranteed that the actual wave function could be well approximated in order to present 

chemically meaningful results. A fair computational cost should be also taken into 

consideration. Pople basis sets are contracted basis sets introduced by John Pople, the late 

Nobel Laureate and become popular with the Gaussian set of programs. For example, Pople’s 

split-valence double-zeta basis set is also known as 6-31G. Here ‘’6’’ means the core orbital is 

a contracted Gaussian Type Orbital (CGTO) which is comprised of 6 Gaussians. ‘’3’’ and ‘’1’’ 

denote that the valence is depicted by two orbitals, including one CGTO composed of 3 

Gaussians and the other one with a single Gaussian. Compared to 6-31G, 6-31G(d) (6-31G*) 
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has additional d polarization functions on non-hydrogen atoms. Generally, the addition of 

polarization functions provides more flexibility within the basis set and enables molecular 

orbitals to be more asymmetric about the nucleus. 6-31G(d) is often regarded as a moderate 

basis set and the best compromise of computational cost and accuracy (189). Table 11 

summarizes a few standard basis sets: 

 

Table 11. Qualitative description of common basis sets (170, 190). 

Basis Set Description 

STO-3G A minimal basis set with the fastest speed but the least accuracy. 

3-21G(d) A simple basis set with added flexibility and polarization 

functions on atoms heavier than Ne. It can be regarded as the 

simplest basis set that can provide reasonable results. 

6-31G(d) Moderate set. It adds polarization to all atoms and improves the 

modeling of core electrons.  

6-31G(d,p) Adds polarization functions to hydrogens, which can better 

describe the total energy of a system. 

6-31+G(d) Specifically works well with large anions due to extra diffuse 

functions to heavy atoms are included. 

6-311G(d) Show more flexibility to the basis set 

6-311G(d,p) Adds polarization functions to hydrogens compared to 6-311G(d) 

6-311++G(d,p) Adds diffuse functions to 6-311G(d,p). It’s good for final and 

accurate energies, but expensive 

6-311++G(2df,2pd) Have better accuracy in diffusion functions compared to 6-

311++G(d,p) 

 

3.3.4. DFT Studies on Cyclodextrin Inclusion Complexes  

In 2004, Liu and coworkers reviewed the studies of quantum chemical methods on cyclodextrin 

chemistry. According to the authors’ points of view, quantum mechanics (QM) is superior to 

molecular mechanics (MM) in the study of CD chemistry. On one hand, QM can describe the 
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electronic structure of the system. On the other hand, the information of supramolecular 

chemistry based on first principles cannot be provided by MM. A series of QM methods have 

been used to investigate the chemistry of CDs and their complexes, including Complete 

Neglect of Differential Overlap (CNDO), Modified Neglect of Diatomic Overlap (MNDO), 

Austin Model 1 (AM1), Parameterized Model number 3 (PM3), Ab initio and DFT methods 

(191). The CNDO method is one of the first introduced semi empirical methods and has the 

lowest level (192). The MNDO method is based on the Neglect of Differential Diatomic 

Overlap integral approximation (NDDO) and is a modified version of CNDO (193). AM 1 was 

developed in 1985 and provides a better solution in core-core repulsion than MNDO (194). 

PM 3 is also on the basis of MNDO and is a variation of AM 1. The only differences reply on 

the number of Gaussian functions used for the core repulsion function and the methodology 

applied in the parameterization (195). Anh and Frisson concluded that AM1 was likely to give 

more accurate energies while PM3 did well in providing structures, according to the results 

calculated by AM1 and PM3 (196).  

In 2000, Li and coworkers conducted a systematic study to compare the performance of AM1 

and PM3 in modeling of CD systems. The geometries of α- and β-CD were fully optimized by 

using AM1 and PM3. Intramolecular hydrogen bonds play an important role in CD 

stabilization and the results showed that PM3 had a better performance in modeling this kind 

of bonding. For β-hydroxyethyl ether, after PM3 optimization the distance of oxygen-hydrogen 

in the hydrogen bond was 1.815 Å. This was comparable to those results calculated by HF/3-

21G(d) and B3LYP/6-311G(d,p). However AM1 provided a significantly larger distance of 

O· · ·H, which revealed that PM3 was superior in modeling of intramolecular hydrogen 

bonding than AM1. Further in the AM1-optimized structure of CDs, the overall structure 
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looked distorted and badly twisted while PM3-optimized ones had neat crystalline structures. 

The authors concluded that PM3 could provide fair structures and energies in the presence of 

hydrogen bonding, thus was better than AM1 in the study of CD chemistry (197).  

To search the global minimum of CD complexes, a commonly used method is based on the 

potential energy surface. A coordinate system needs to be established first, where the plane of 

the glycosidic oxygen atoms is set as the XY plane and its center is defined as the center of the 

system. The guest molecule is located along the Z axis and various orientations (between CD 

and the guest) should be considered. Next, the guest molecule enters the CD cavity or even 

pass it through, step by step. During this process, at each step the IC geometry is fully 

optimized by specific theoretical methods. If needed, additional work can be done to find the 

optimal angle at separate IC geometries by rotating the guest molecule. By doing this, the 

global minimum can be determined on a basis of potential energy surface (191).   

In 2007, Rafati and coworkers investigated the geometry and energy of α- and β-CD complexes 

with the guest molecules of decyltrimethylammonium bromide (DTAB) and 

tetradecyltrimethylammonium bromide (TTAB). The theoretical study was conducted under 

vacuum at the level of AM1, PM3, HF/3-21G(d) and B3LYP-3-21G(d). The initial structures 

of α- and β-CD, DTAB and TTAB were pre-optimized by PM3 and AM1 methods. The 

nitrogen atom in DTAB and TTAB guests was considered as the reference atom and the guests 

were put into and gradually passed through the cavity to simulate the inclusion process. The 

process was done with steps and geometry optimization was performed with AM1 and PM3 at 

each step. After the optimized geometries were obtained, ab-initio single point calculations 

would be implemented. From the energies calculated upon complexation, it seemed that by 

using PM3 the energies of IC were lower than those of the sum of isolated host and guest 
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molecules. However after AM1 geometry optimization, the energy of DTAB-β-CD complex 

was -4097.00 KJ/mol, which was much higher than the energy combination of DTAB (-114.02 

KJ/mol) and β-CD (-6925.25 KJ/mol). Besides, both AM1 and PM3 showed a higher stability 

of DTAB-α-CD than DTAB-β-CD system, according to the binding energy results. 

Furthermore, the single point energies calculated by HF/3-21G(d) and B3LYP-3-21G(d) 

validated the higher stability of DTAB-α-CD inclusion complex. The results obtained from the 

computational methods were consistent with the observed experimental data (198). The study 

also implied that PM3 was a reliable tool to study CD chemistry (199). 

Sousa et al. synthesized the inclusion complex between β-CD and fluoxetine (FLU) and 

investigated its properties in both experimental and computational ways. The theoretical 

calculations were employed to study the energy and geometry of the IC. The guest molecule 

entered the cavity from the secondary face of the CD and two geometries were investigated. If 

the phenyl ring section was inside the cavity, it was called form A. And if the aromatic ring 

substituted with one trifluoromethyl group was inside the cavity, it was called form B. PM3 

was used to find the global minimum structures and then these optimized geometries were fully 

optimized by DFT at a level of BLYP/6-31G(d,p). The solvent effect was also studied by using 

the integral equation formalism version of the polarizable continuum model (IEFPCM) at the 

same DFT level. The optimized structures of form A and B were displayed below in Figure 52. 

The energies calculated at the PM3 and BLYP levels indicated that form B had a better stability 

in the gas phase. This might be attributed to the fact that in form B, hydrogen bonds were 

formed between the fluorine atoms of FLU and the hydroxyl groups of β-CD. In form A, the 

upper part of FLU (those not included in the cavity) would bring steric hindrance effects, which 

also made this geometry less stable. The IEFPCM model also proved that form B was the 
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preferred structure, and an additional 5 Kcal/mol in energy difference was found due to the 

solvent effect (200). 

 

Figure 52. Structures obtained by theoretical calculations: (a) form A and (b) form B. Taken 

from (200). 

 

In 2009, Snor and coworkers employed density functional calculations to study the geometries 

of meloxicam-β-CD inclusion complexes. The β-CD structure had been preliminarily 

optimized by DFT at B3LYP/6-31G(d) level. Four conformations of the guests with relatively 

low energy were used, which could be representative of the theoretical tautomeric forms of 

meloxicam. After pre-simulation, the enolic, zwitterionic, anionic and cationic forms of 

meloxicam were chosen to form inclusion complexes with the host molecule. To simulate the 

complexation process, different forms of meloxicam were introduced into the CD cavity along 

the Z axis, which were perpendicular to the plane of the glycosidic oxygens (XY plane). The 

center of the XY plane was set as the center of the system. The C3 atom (Figure 53) was 

considered the reference atom of meloxicam and was used to describe the locations of the guest. 

Meloxicam gradually passed through the cavity with a step of 2 Å, from the position of -10 to 

10 Å. At each step, the system was fully optimized by the United Force Field (UFF) without 

additional restriction (201). 
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Figure 53. Enolic conformation of meloxicam. Taken from (201). 

 

Figure 54 illustrated the calculated energies of form 1 and form 2 of the anionic complex, with 

respect to the distance between C3 atom of meloxicam and the origin. The global minimum 

energy during the complex process could be determined by using this potential energy surface 

and the obtained optimal structures were then geometrically optimized with DFT B3LYP/6-

31G(d) with no constraints.     

 

Figure 54. Potential energy surface of form 2 of the anionic complex (dotted line) and form 1 

of the anionic complex (full line). Taken from (201). 

 

The stabilization energy, or ΔE was obtained by calculating the difference between the energy 
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of IC and the sum of the isolated host and the guest. This can be illustrated by [22]: 

Ў% Ὁ Ὁ Ὁ  

[22] 

The order of stabilization energy calculations of the optimized IC structures, from the most 

stable to the least stable was: anionic form > enolic form ~ zwitterionic form > cationic form. 

This study was conducted in the gas phase, where van der Waals forces or hydrogen bonding 

might play an important role in the complexation process. However if a solvent (water) was 

added, the hydrophobic effects between the CD cavity and the apolar guest should be the 

decisive factor that needed to be considered (201). 

Xia and colleagues conducted a theoretical study to investigate the interactions between trans-

dichloro(dipyridine) platinum (II), or DDP, and β-CD. The inclusion complex was built by 

manually inserting the guest molecule into the CD cavity, from both the primary (head up) and 

secondary (head down) face. The complexation process was visualized as displayed in Figure 

55. The platinum atom was set as the reference atom and DDP was moved from 8 to -8 Å with 

a step of 1 Å. At each step the system was fully optimized by PM6. By taking the relative 

position into consideration, the guest was rotated at 30° intervals along the Z axis, from 0° to 

360°. The results suggested that the global minima were found at Z=1 Å, θ=120° (for head up, 

Model A) and Z=-1 Å, θ=270° (for head down, Model B). After the preliminary PM6 

calculations, the optimal structures for both orientations were further optimized by DFT at a 

level of B3LYP/LANL2DZ. Both PM6 and B3LYP calculations revealed that the energies of 

Model A were lower than those of Model B, suggesting DDP was more likely to enter the CD 

cavity from the narrower side. The gap between LUMO and HOMO can characterize the 
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degree of stability, where a larger value corresponds to a higher stability. The gap (ELUMO-

EHOMO) of Model A (4.35 eV) was larger than that of Model B (4.27 eV), which further 

confirmed that Model A was more energetically favorable.    

 

Figure 55. Coordinate systems to model the complexation process for (a) head down and (b) 

head up. Taken from (202).  

 

Figure 56 provides the top view of the most stable inclusion complexes for Model A and Model 

B. The number of hydrogen bonds in Model A was more than that in Model B, which was part 

of the reason why Model A had a relatively lower binding energy (202).   
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Figure 56. The top view of the optimized structures by B3LYP for Model A (left) and Model 

B (right). Hydrogen bonds are labeled as the dotted lines. Taken from (202). 

 

In 2013, Haiahem and coworkers examined the host-guest interactions between paeonol (PAE) 

and β-CD through a theoretical approach. The initial structures of PAE and β-CD were 

optimized by PM3 and B3LYP/6-31G(d), respectively without any restrictions. The inclusion 

model (Figure 57) was built based on an established coordinate system. PAE was placed at a 

Z coordinate of 9Å at first and was then passed through the CD cavity along the Z axis with 

each step of 1Å. At each step the IC geometry was fully optimized by PM3. A scanning θ was 

introduced to find a more stable structure, where the guest molecule was rotated around the Z 

axis, at 20° intervals from 0° to 360°. Two ΔE minima were discovered at Z=0Å, θ=80° (Model 

1) and Z= -1Å, θ=300° (Model 2). After the global minima were found, the single point 

energies of the PM3 optimized geometries were calculated using DFT B3LYP/6-31G(d). The 

effect of solvent was predicted with PCM model with water as the solvent (ε=78.39) by PM3 

(203).  
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Figure 57. Coordinate systems were constructed to model the complexation process: Model 1 

(left) and Model 2 (right). Taken from (203). 

 

For the most stable structures of Model 1 and Model 2, calculations by PM3 in the gas phase 

demonstrated that the stabilization energy of Model 1 was lower, suggesting a higher stability 

over Model 2. A similar result was observed when a solvent was added and this trend was 

further confirmed with B3LYP/6-31G(d) calculations in both vacuum and water. As a result, 

PAE was able to be included in β-CD and PAE was most likely to enter the CD cavity from the 

wider side with the acetyl group (Model 1) (203).   

In 2014, Teixeira performed DFT calculations to study the inclusion complex of isoniazid (INH) 

and β-CD derivatives. The structures of the host and guest were initially optimized by DFT at 

a level of PBE1PBE/6-31G(d,p). The distance between the center of INH aromatic ring and 

the glycosidic oxygen plane (the origin) was measured and set as the scan coordinate (d). When 

INH was located at d=15 Å from the origin, the system energy in this case (ΔE) could be 

considered the sum of the free INH and CD. The relative energy (Erel) was defined as the total 
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system energy at a certain location minus ΔE. The optimal structures were then optimized by 

PBE1PBE/6-31G(d,p). From the summarized potential energy curves, ten structures with local 

minimum energy (Erel<0) were selected and further optimized at a level of PBE1PBE/6-

31G(d,p). Two key terms were investigated: the interaction energy (ΔEint) and the 

instantaneous interaction energy (ΔEins), and their expressions were displayed as [23] and [24]: 

ЎὉ Ὁ Ὁ Ὁ  

[23] 

ЎὉ Ὁ Ὁ Ὁ   

[24] 

The difference between ΔEint and ΔEins was that, when calculating the instantaneous interaction 

energy, the INH and CD species (i.e. (EINH+ECD)complex geometries) represented the sum of energies 

of their separated structures at the optimized complex geometries, rather than those of their 

isolated structures used in interaction energy calculation. ΔEins was considered to provide real-

time intermolecular interactions between the host and guest in the final geometry, which might 

be more of practical significance (204). 

In 2014, Nadia and colleagues employed a computational study to explore the interactions 

between octopamine (OA) and β-CD in their inclusion complex. A series of calculations 

including PM6, HF, DFT and ONIOM2 were applied to study the optimal IC geometries and 

the complexation process. Specifically, PM6 geometry optimization was used to find local 

minimum energy structures on a basis of an established coordinate system. The distance and 

the angle of the host and guest were the main factors investigated to find the optimal IC 

geometry. There were two proposed orientations: Model 1 and Model 2 (Figure 58), with 
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different part of OA entering the wider side of CD.   

 

Figure 58. Two possible orientations of OA and-β-CD in their inclusion complexes: (a) Model 

1 and (b) Model 2. Taken from (205). 

 

Complexation energy and deformation energy were the two key terms studied in this research. 

The deformation energy (Edef) measured the energy difference of certain component before and 

after the complexation ([25]): 

Ὁ ὧέάὴέὲὩὲὸὉὧέάὴέὲὩὲὸὉὧέάὴέὲὩὲὸ 

[25]  

By comparing the energies of the most stable structures in Model 1 and Model 2, the results 

suggested that Model 2 was more energetically favorable. This revealed that when an inclusion 

complex was formed between OA and β-CD, the complexation tended to process with the 

aromatic ring of OA entering the CD cavity. Besides, the natural bonding orbital (NBO) method 

was used to study the donor-acceptor properties between OA and β-CD. The results implied 

that intermolecular hydrogen bonding and hydrophobic interactions were the major driving 

forces in this complexation process. Solvent effects were also examined with water as a solvent 
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by using conductor-like polarizable continuum model (CPCM). The observed trend was similar 

compared to that in the gas phase, suggesting Model 2 was more favorable (205). 
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Abstract 

Triphenyl phosphate (TPP) is widely used as a flame retardant (FR). However, recent studies 

have indicated that FRs like TPP can be detected in household dust and wildlife and could 

contribute to obesity and osteoporosis in humans. We hypothesize that the formation of an 

inclusion complex (IC) between TPP and β-cyclodextrin (β-CD) will reduce its toxicological 

effects yet also retain flame retarding properties of TPP, since the formation of FR-CD-ICs is 

expected to eliminate unnecessary loss of FRs, especially volatile FR compounds like TPP, 

and release them only during a fire when they are actually needed. After creating the TPP-β-

CD-IC, we applied it to polyethylene terephthalate (PET) films by a hot press technique. 

Untreated PET films, as well as PET films embedded with uncomplexed β-CD and TPP, were 

prepared in the same way and had comparable thicknesses. Flame tests were conducted for all 

film samples by following a modified ASTM D 6413 standard. TPP-β-CD-IC exhibited flame 

resistant performance matching that of neat TPP, even though much less TPP was contained 

in its β-CD-IC. Incorporation of FRs and other chemical additives into textile substrates in the 

form of their crystalline CD-ICs is a promising way to reduce the exposure of hazardous 

chemicals to humans and to our environment while not impacting their efficacy.  
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4.1. Introduction 

Largely as a consequence of the increased use of polymer materials, there is a growing trend 

for utilizing flame retardant (FR) materials in daily life and other circumstances as more and 

more of these combustible products come to the market. Driving the development of FRs are 

the large loss of lives, personal injuries, and property damage associated with fire disasters 

every year. According to the annual report of ‘Fire loss in the United States’ by the National 

Fire Protection Agency (NFPA), approximately 1,240,000 fires were recorded by US fire 

departments in 2013, which led to a death toll of over 3,240 and 15,925 civilian injuries (29).   

FRs are compounds added to potentially flammable materials, such as textiles, plastics, and 

resins, to meet flammability standards. Effective FRs are believed to reduce or eliminate the 

initiation and spread of fire. Polybrominated diphenyl ethers (PBDEs) once dominated the FR 

market in furniture foam produced in the United States. However, this class of chemicals 

received increasing public attention when they were discovered in the environment and biota. 

Additionally, recent studies suggested that PBDEs may also have endocrine-disrupting, 

hepatotoxic, and neurotoxic effects (2, 11).  

Firemaster (FM) 550 is a commercial mixture of brominated and triaryl phosphate flame 

retardants, which was introduced in 2003 as a “safe replacement” for penta-BDE. It is now 

widely used in polyurethane foams in both furniture and baby products. The FM 550 

formulation contains approximately 14% bis (2-ethylhexyl)-2,3,4,5-tetrabromophthalate 

(TBPH); 36% 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (TBB); 32% isopropylated triaryl 

mailto:alan_tonelli@ncsu.edu
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phosphate isomers (ITP); and 18% triphenyl phosphate (TPP). TPP is a phosphorus flame 

retardant, which has been used in cellulosic materials, as well as in polyurethane foams, 

worldwide (206, 207). It is a solid at room temperature and has a melting temperature of around 

50 °C. TPP has a FR effect only in the gas phase, while pyro phosphoric acid, formed during 

its thermal degradation, can isolate/reduce heat transfer in the condensed phase. TPP is mass 

produced annually in the 10~50 million lbs range. It is restricted in Europe and is considered 

toxic to aquatic organisms (with a R50/53 label). The concentration of TPP in U.S. residential 

house dust can reach levels as high as 1.8 mg of TPP/g of dust (85, 208, 209). 

Recent studies have indicated that FM 550 was not only detected in household dust and in 

wildlife, but also suggested it to be an endocrine disruptor and obesogen at environmentally 

relevant levels (5, 7, 11, 83). Belcher and coworkers studied the structural similarities between 

TPP and triphenyl tin (TPT) chloride, whose structures are given in Figure 59. TPT chloride is 

a favorable ligand for peroxisome proliferator-activated receptor gamma (PPARγ) from the 

endocrine system, as well as a metabolic disruptor (16), and thus they speculated that, in a way 

similar to organotin chemicals, TPP may play a role in the obesogenic effects caused by FM 

550 exposure. Pillai and coworkers confirmed that TPP increased human PPARγ 

transcriptional activity, and thus through environmental exposure, it may potentially lead to 

obesity and osteoporosis in humans (18). Since TPP is volatile and will potentially spread to 

the environment, imagine how serious a problem it is if it is found to be a true endocrine 

disruptor. 
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Figure 59. Chemical structures of triphenyl phosphate (TPP) and triphenyl tin chloride (TPT 

chloride). 

 

An optimum path to potentially avoid the current problems with FRs is to develop novel 

compounds that have lower environmental and toxicological effects. One idea is to include or 

encapsulate FRs into crystalline substances. Tonelli and coworkers successfully formed an 

inclusion complex (IC) between β-cyclodextrin (β-CD) and Antiblaze RD-1, a commercial FR 

containing both phosphorus and nitrogen, and superior FR performance was evidenced when 

the IC was applied to polyethylene terephthalate (PET) films (210). To our knowledge, the 

majority of studies in the FR field have focused on either flame resistant properties or enviro-

toxicological impacts, so application of FRs to polymeric substrates by means of their CD-ICs 

could have broad FR ramifications for the textile and other industries. Once the inclusion 

complex is formed, the guest FR is expected to be released only when there is sufficient heat 

to disrupt the FR-CD-IC.  

Since TPP has a relatively low melting temperature and could possibly volatilize under normal 

environmental conditions, it may be a good FR candidate for such applications. The hypothesis 

is that FRs that are incorporated into β-CD as an IC will retain their flame resistant properties 

yet also have reduced toxicological effects, such as reduced endocrine disruption. Upon 

inclusion, TPP is presumed not to leak out and will only act as a FR in times of real need, i.e., 
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during a fire. Thus, the aim of the current study is to synthesize and characterize the potentially 

promising TPP-β-CD-IC and study its flame resistant properties after applying this inclusion 

complex to PET films. Fourier transform infrared spectroscopy (FTIR), thermogravimetric 

analysis (TGA), differential scanning calorimetry (DSC), 1H-nuclear magnetic resonance 

(NMR), and wide-angle X-ray diffraction (WAXD) were used as principal methods in IC 

characterization. Film thickness and vertical flame tests were also employed by following 

relevant ASTM standards. 

4.2. Experimental 

4.2.1. Materials 

Triphenyl phosphate (TPP; ≥99%) was purchased from Sigma-Aldrich (St. Louis, MO).                   

β-cyclodextrin (USP-NF grade) was obtained from Cerestar Company (Hammond, IN). 

Polyethylene terephthalate (PET) pellets with intrinsic viscosity (I.V.) of 0.6 were obtained 

from the Eastman Company (Kingsport, TN). Polytetrafluoroethylene (Teflon) films were 

purchased from ePlastics Ridout Plastics (San Diego, CA). Methanol (HPLC grade) was 

purchased from Fisher Scientific (Pittsburgh, PA). 

4.2.2. Preparation of Inclusion Complex and Physical Mixture of TPP and β-CD  

The inclusion complex of TPP and β-CD (TPP-β-CD-IC) with a TPP: β-CD =1:2 

stoichiometric molar ratio was prepared by using a co-precipitation method. Based on the TPP 

structure (See Figure 59), a 1:2 = TPP: β-CD stoichiometry was presumed. Excess β-CD (4.0 

g, 0.0035 mol) was dissolved in deionized water (D.I. water) in an Erlenmeyer flask placed in 

a water bath at 50 °C to get a saturated solution. TPP (0.5 g, 0.0015 mol) dissolved in a small 

amount of methanol was added dropwise into the β-CD solution and the clear solution became 

turbid. The flask was then covered and heated for 3 h at 50 °C to form an IC. Afterwards, heat 

was removed and the solution was kept in the water bath overnight. The expected IC product 
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was filtered with a Buchner funnel and washed carefully with both deionized water and 

methanol to remove uncomplexed β-CD and TPP, respectively. The sample was then dried in 

a vacuum oven and crushed into a fine powder.   

The TPP/β-CD physical mixture (TPP/β-CD-PM) was prepared by manually mixing TPP and       

β-CD powders with the same molar ratio as the expected stoichiometric TPP-β-CD-IC (TPP: 

β-CD = 1:2). 

4.2.3. Characterization 

4.2.3.1. Fourier Transform Infrared Spectroscopy (FTIR) 

A Nicolet Nexus 470 Spectrometer was utilized to qualitatively analyze the infrared spectra of 

the IC product in the range 4000-700 cm-1. A Nicolet OMNI Germanium Crystal ATR 

sampling head was used. For each sample, 64 scans of data were collected with a resolution of 

4 cm-1. The obtained infrared spectral data were analyzed with Omnic software. 

4.2.3.2. Thermogravimetric Analysis (TGA) 

    Thermal degradation profiles were observed with a Perkin Elmer Pyris 1 TGA. Weight 

losses of the substrates were recorded over time or temperature. Temperature scans were set 

from 25 to 400° C and the heating rate was 20° C/min. Nitrogen was used as the purge gas. 

4.2.3.3. Differential Scanning Calorimetry (DSC) 

A Perkin Elmer Diamond DSC-7 was employed to collect thermal scans of the materials. 

Thermal properties data were analyzed with Pyris software. The heating rate was 10° C/min 

over a temperature range from 0 to 60° C. Nitrogen was used as the purge gas.   
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4.2.3.4. 1H-Nuclear Magnetic Resonance (NMR) 

Proton NMR data were collected on a Bruker DRX 500 MHz spectrometer. One dimensional 

1H data sets contained 131 K data points and sufficient scans were employed to get good signal-

to-noise ratios. DMSO-d6 was used to dissolve the IC and tetramethylsilane (TMS) was used 

as the internal standard. 

4.2.3.5. Wide-Angle X-ray Diffraction (WAXD) 

WAXD measurements were performed on a Rikagu Smartlab X-ray Diffractometer. A Ni-

filtered Cu Kα radiation source with λ = 1.544Å was applied. The diffraction intensities were 

measured every 0.1° over a 2θ range of 5-40°. The voltage and current were set to 30 kV and 

20 mA respectively.   

4.2.4. Preparation of PET Films by a Hot-Press Technique 

A Carver Laboratory Press (Model B) and a pair of thin stainless plates were applied to make 

PET films. Four groups of samples were prepared, including untreated PET films, PET films 

with 10 wt. % β-CD (PET-β-CD), PET films with 10 wt. % TPP (PET-TPP) and PET films 

with 10 wt. % TPP-β-CD-IC (PET-IC). In an attempt to make the mixtures and resulting films 

chemically uniform, crushed TPP flake and PET pellets were ground into fine powders with a 

Thomas Wiley® Mini-Mill. PET powder was then mixed evenly with/without 10 wt. % 

additive powders (β-CD, TPP or IC). A pair of stainless steel plates were covered with Teflon 

films, upon which the powder mixtures were uniformly placed. All films were pressed at 250 

°C under 3,000 lbs for 30s. The whole plate assembly was then quenched in ice water.  

4.2.5. Film Thickness Test 

Thicknesses of PET films were measured using a Thwing-Albert Electric Thickness Tester 

Model II and using ASTM D 1777: Standard test method for thickness of textile materials. 
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Specimens were preconditioned as specified in Practice D 1776. A 4.06 cm2 presser foot with 

a mass of 468.18 g was applied on the film for a preset time period and thicknesses were 

recorded to within 25.4 μm. Each film specimen was tested 10 times in the standard atmosphere 

(temperature: 21±1 °C, relative humidity: 65±2 %). 

4.2.6. Flame Retardancy Test 

Vertical flame resistance, as well as after flame characteristics, were assessed for the PET film 

samples using a Modified ASTM D 6413: Standard test method for flame resistance of textiles. 

Note that the test method was modified due to the limitation of film sizes produced by the hot 

press technique. Specimens were preconditioned as specified in Practice D 1776. 6 cm x 10 

cm film specimens were mounted in specimen holders with their bottoms even. The burner 

flame was adjusted to a flame height of 3.8 cm, and placed so that it was centered 1.9 cm below 

the lower edge of the specimen holder. The specimen was exposed to the flame for 3s and the 

burner was then taken away. A few parameters, including char length and after ignition burn 

time were measured, and melting or dripping behavior was also noted.  

4.3. Results and Discussion  

4.3.1. Choice of IC Material 

CDs are produced from amylase starch by means of glucosyltransferase (CGTase) enzymatic 

degradation. They are cyclic oligosaccharides consisting of six (alpha, α), seven (beta, β), or 

eight (gamma, γ) or more α-(1,4)-linked glucopyranose units. The arrangement of 

glucopyranose units in CD molecules can be visualized as a truncated cone, and the chemical 

structure of β-CD is also presented in Figure 60. Its X-ray structure indicates that the primary 

hydroxyl groups (C6) reside on the narrower rim, while the secondary hydroxyl groups (C2 and 

C3) are confined to the wider rim. The apolar C3 and C5 hydrogens, as well as the ether-like 
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oxygens, are located inside of the CD cylinder, and these structural features make CD exteriors 

hydrophilic and their interiors hydrophobic.  

 

Figure 60. Chemical Structure of β-CD. 

 

Hydrophobic interiors enable the formation of non-covalently bonded CD inclusion complexes 

(CD-ICs) in aqueous solutions with a vast array of guest molecules, especially nonpolar guests 

that can dimensionally fit in the CD cavities. The complexation is a physical process rather 

than a chemical reaction, and a variety of driving forces contribute to the formation of CD-ICs, 

including van der Waals forces, release of high energy water, and hydrogen bonding. 

Formation of ICs can significantly increase the photo/heat stability of guests due to the 

interactions between host CDs and guest molecules. Some other advantages include: increased 

solubility of guest substances, fixation of volatile ingredients, and masking of unpleasant odors 

or smells (27, 121).  

Among the three parent CDs, β-CD is the one that is most commonly employed in 

pharmaceutical formulations, due to its low price and ease of production. Furthermore, β-CD 

has a much lower aqueous solubility (1.85 g/100 ml at 25 °C) than α- and γ-CD, and thus is 
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most likely crystallized. When CDs are crystallized as inclusion complexes, the molecules 

exist in either cage or columnar (channel) structures. Cage structures can be classified into two 

subcategories: herringbone type (Figure 61a) and brick type. In cage-type crystal structures, 

the CD cavities are blocked off by surrounding CDs. As a result guest molecules are isolated 

in these cage CD-ICs. However in columnar ICs (Figure 61b), the host CDs are stacked in a 

column and guests can be aligned linearly within (125).  

        

                  

(a) cage herringbone type                                                 (b) columnar type 

Figure 61. Schematic of (a) cage herringbone type and (b) columnar type crystal structures 

formed by CD-ICs. 

  

According to their safety profiles, the three natural CDs (α, β and γ-CD) and their hydrophilic 

derivatives have difficulty penetrating the eye cornea and other lipophilic biological 

membranes. Since the gastrointestinal tract merely absorbs cyclodextrins, CDs administered 

orally are considered non-toxic. Nowadays β-CD is widely used in the pharmaceutical industry 

and has been studied in depth. Compared to α-CD, it is less irritating after intramuscular 

injection and is virtually not absorbed in the upper intestinal tract when administrated orally. 

Based on the toxicological data available for   β-CD administered to rats, the median lethal oral 



 

121 

 

dose (LD50) is over 5000 mg/kg, while the LD50 for intravenous doses ranges from 450 to 790 

mg/kg (155, 211). 

We selected β-CD because it is the most accessible, cost-effective, and widely used  among 

the three parent CDs. Additionally it is considered non-toxic and its cavity size is appropriate 

for aromatic compounds, and  so β-CD was employed in the current work to act as the host 

molecule for TPP (128, 212). 

4.3.2. Characterization of TPP-β-CD-IC  

4.3.2.1. Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR is commonly used to demonstrate the existence of host cyclodextrin, as well as guest 

molecules, in expected CD-IC samples. The infrared spectra of the TPP/β-CD physical mixture 

of neat TPP and β-CD, and the expected inclusion complex of TPP and β-CD (TPP-β-CD-IC) 

are displayed in Figure 62. Clearly spectral features of TPP and β-CD are observed in both IC 

spectra. Specifically, bands at 3345.8 cm-1, a broad peak from the symmetric and 

antisymmetric O-H stretching, and at 2926.0 cm-1 from C-H stretching in the β-CD spectrum 

are also detected in that of the IC. In addition, many peaks between 1200 and 1500 cm-1 coming 

from C-H, CH2 and O-H bending modes in the IC spectrum come from β-CD as well. Likewise, 

several peaks characteristic of TPP (at 1587.4 and 1483.4 cm-1: from the phenyl rings in 

aromatic compounds; 1293.4 cm-1: P=O in phosphates and 947.8 cm-1 from P-O-C in 

organophosphorus compounds) are observed in the IC spectrum. 
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Figure 62. FTIR spectra of (from bottom to top) TPP, β-CD, TPP/β-CD-PM and TPP-β-CD-

IC. 

 

Different from the physical mixture spectrum, which is simply a combination of the neat TPP 

and β-CD spectra, shifts in particular peaks are observed in the IC spectrum in Figure 63. By 

comparing the four spectra in the range of 1250 to 1650 cm-1, it is clear that the corresponding 

peaks (e.g. at 1293.4, 1483.4, and 1587.4 cm-1) in TPP and the PM spectra appear at almost 

the same frequencies. However, in the IC spectrum, those peaks shift to larger wavenumbers 

than those in the PM. The changes in peak frequencies may be attributed to the interaction 

between host β-CD and guest TPP produced by IC formation. 
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Figure 63. FTIR spectra (1250-1650 cm-1) of (from bottom to top) TPP, β-CD, TPP/β-CD-PM 

and TPP-β-CD-IC. 

 

4.3.2.2. Thermogravimetric Analysis (TGA) 

TGA thermograms of TPP, β-CD, their physical mixture (PM) and their expected inclusion 

complex (IC) are presented in Figure 64. As-received β-CD exhibits two major weight loss 

stages: The first one below 100 °C represents the dehydration process, whereas the second one 

at 330 °C indicates the main degradation of β-CD. TPP is well-known as a volatile compound 

and starts decomposition from around 150 °C. The thermogram of PM has three distinct 

portions that corresponded to thermal degradation of water, TPP, and β-CD respectively. Not 

surprisingly, the IC mass loss curve is very different from that of the PM, which is consistent 

with the FTIR results. The thermal stability of TPP is expected to be enhanced after 



 

124 

 

complexation due to host-guest interactions, which is what we observe. On one hand, the 

amount of water in the IC was less than that in the PM and in neat β-CD, because of the release 

of high energy water upon inclusion of TPP. On the other hand, in the IC thermogram, no 

weight loss is observed around the boiling point of TPP, implying that TPP is no longer heat 

labile, but instead protected by inclusion in the host crystalline lattice of β-CD. The absence of 

TPP degradation in the IC thermogram is indicative of increased thermal stability of TPP, 

which provides strong evidence that an inclusion complex has been formed between TPP and 

β-CD. At the end of the TGA heating scan, 30 wt% of the IC remained, which was also the 

highest among the four samples.      
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Figure 64. TGA thermograms of TPP, β-CD, TPP/β-CD-PM and TPP-β-CD-IC. 
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4.3.2.3. Differential Scanning Calorimetry (DSC) 

DSC is widely used in verifying whether a guest molecule is encapsulated by cyclodextrin. An 

endothermic melting peak will exist in the IC thermogram if any uncomplexed crystalline guest 

exists. β-cyclodextrin and its IC will decompose while melting, therefore the temperature scan 

was set from 25 to 60 °C (the melting point of TPP is 49 °C). DSC scans recorded for TPP, β-

CD, and their IC are presented in Figure 65. The decomposition temperature of β-CD is above 

270 °C, thus no peaks appear in this limited DSC scan. A sharp endothermic peak is observed 

in the TPP thermogram at 49 °C, but not in the heating scan of the IC. Though not presented 

here, a peak around 49 °C is also present in the DSC scan of the PM. No such peak is observed 

in the IC thermogram, since no free guest TPP exists. This observation again supports that a 

TPP-β-CD-IC has been successfully made, and that its characteristics are very different from 

a simple physical mixture.  

Combining the absence of TPP melting in the IC DSC scan together with FTIR results, 

confirms that our guest molecule is fully included inside the β-CD cavity.  
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Figure 65. DSC thermograms of (from bottom to top) TPP, β-CD and TPP-β-CD-IC. 

 

4.3.2.4. 1H-Nuclear Magnetic Resonance (NMR) 

1H-NMR can be a powerful tool to possibly confirm inclusion and provide information on the 

stoichiometry of the guest and host in their IC. The 1H-NMR spectra of TPP, β-CD and TPP-

β-CD-IC are given in Figure 66. In the IC spectrum, proton resonances at 7.2 and 7.6 ppm 

provide evidence of the presence of the flame retardant, and are contributed by hydrogens on 

the phenyl rings. Similarly, peaks between 3.2 and 3.7 ppm are indicative of β-CD. Based on 

integration of these specific β-CD host and TPP guest 1H-NMR peaks, the stoichiometry of the 

crystalline IC is calculated to be TPP: β-CD = 0.58:1 or ~1:2.  
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Figure 66. NMR spectra of (from bottom to top) TPP, β-CD and TPP-β-CD-IC. 

 

4.3.2.5. Wide-Angle X-ray Diffraction (WAXD) 

WAXD is employed to study and compare the crystalline phases before and after 

complexation. Diffraction patterns of TPP, β-CD, their physical mixture (PM) and their IC are 

given in Figure 67. Two major peaks at 10.8 and 21.8° are observed for TPP, while neat β-CD 

has a significant reflection at 12.5°. By comparing the X-ray diffractograms of TPP, β-CD and 

their PM, the difractogram of the physical mixture is observed to be an addition of those of 

TPP and β-CD, with the three strongest peaks also at 10.8, 12.6 and 21.9°, all of which come 

from neat uncomplexed TPP and β-CD. The X-ray diffraction pattern of IC has two major 

peaks at 11.3 and 17.7°, which are not found in the pattern of the host or guest. This observation 
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suggests that a new type of crystal has been formed by the IC that is different from the physical 

mixture.  

Referring to the known cage and columnar crystal structures that were detected by single-

crystal and powder X-ray diffraction studies of β-ICs, we could not clearly conclude whether 

our TPP-β-CD-IC powder diffractogram is more similar to the cage or columnar structures 

reported previously (124, 134, 213).   
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Figure 67. X-ray diffraction patterns of (from bottom to top) TPP, β-CD, TPP/β-CD-PM and 

TPP-β-CD-IC. 
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4.3.3.  Flame Retardancy Tests 

Based on the results of film thickness tests given in Table 12, all PET film samples were 

considered to have comparable thicknesses. Flame resistant properties of PET film samples are 

reported in Table 13. Char length was measured from the edge that was subjected to the flame 

to the furthest point of the char. Burning time after ignition is the time period that the flame 

can sustain itself after removing the ignition source. As indicated in Figure 68 (b) and (d), the 

untreated PET and PET-β-CD films burned entirely during the flame tests. These two sets of 

samples continued to flame for extended periods of time (25.7 and 21.0 s on average, 

respectively) after the burner was removed, which also revealed how severe the flame damage 

was. Intense dripping behavior was also observed for both samples (Figure 68 (a) and (c)). 

Comparatively, PET-β-CD films burned even more vigorously than pure PET films.  

Table 12. Summary of film thicknessesa 

 Film thickness (mm) 

 1 2 3 AVG 

1.Pure PET film 0.31 0.33 0.32 0.32±0.01 

2.PET-β-CDb 0.39 0.37 0.41 0.39±0.02 

3.PET-TPPb 0.32 0.33 0.34 0.33±0.01 

4.PET-ICb 0.42 0.37 0.40 0.40±0.03 

 

Table 13. Summary of flame retardancy test resultsa 

  Char lengthc (cm)  After ignition flame time (s) 

  1 2 3 AVG  1 2 3 AVG 

1.Pure PET film  BEL BEL BEL   24.0 28.0 25.0  25.7±2.1 

2.PET-β-CDb  BEL BEL BEL   20.0 23.0 20.0  21.0±1.7 

3.PET-TPPb  2.6 1.5 1.6 1.9±0.6  4.0 3.0 3.0  3.3±0.6 

4.PET-ICb  1.5 3.9 2.1 2.5±1.2  2.0 6.0 2.0  3.3±2.3 
       a Each test was repeated forthree times and labeled as 1,2 and 3 
       b β-CD, TPP and IC were added as 10 wt.% of PET 
       c BEL: burned entire length 
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Cyclodextrins have been used as an effective char forming source in intumescent flame 

retardants for a series of polymers, such as epoxy acrylates and polylactic acid (214-216). 

However it seems that when used alone in PET films it exhibited poor flame resistance, which 

is consistent with previous research (210). By comparing the data on char lengths and after 

ignition flame times, it can be concluded that PET embedded with the IC, as seen in Figure 68  

(h), possesses comparable flame resistant properties with that of PET-TPP films (Figure 68 

(f)). In fact, both sets of film samples became self-extinguishing at 3s after removing the 

ignition source (Figure 68 (e) and 10 (g)). However, considering the stoichiometry of TPP and 

β-CD in our IC sample (a molar ratio of 1:2 or a mass ratio of 1:7), the effective mass of 

constituent TPP in the PET-IC film was actually one eighth of that in the PET film containing 

neat TPP. Since neat β-CD alone did not provide flame retardancy to PET, the superior 

performance of the IC was likely not due to its presence. Rather, TPP-β-CD-IC owes its 

efficacy to the improved thermal stability of TPP encapsulated in the β-CD cavities. Although 

only a relatively small quantity of TPP was present in the PET-IC film, it worked more 

efficiently than neat TPP and presumably with an extended shelf-life.     
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Figure 68. Photographs of pure PET film at 3 s (a) and 20 s (b); PET film with β-CD at 3 s (c) 

and 20 s (d);  PET film with TPP at 3 s (e) and 20s (f); PET film embedded with IC at 3 s (g) 

and 20s (h) after the removal of ignition source. 

 

4.4. Conclusions 

We report the formation of an inclusion complex between the guest flame retardant TPP and 

host β-CD by a co-precipitation method. FTIR together with DSC demonstrates that TPP has 

been successfully included inside the β-CD cavities. TGA indicates enhanced thermal stability 

of the guest TPP in the IC, which in its neat state is volatile. 1H-NMR results further prove the 

presence of TPP and β-CD in the IC with a stoichiometry of TPP: β-CD = 1:2. In addition, the 

X-ray diffractogram of our TPP-β-CD-IC provides evidence of a new type of crystal distinct 

from those of neat TPP or β-CD, confirming IC formation. However, we were unable to 

determine whether the TPP-β-CD-IC adopts a cage or a columnar structure from this analysis. 

The flame tests reveal that by embedding TPP-β-CD-IC in PET films, outstanding flame 

resistance can be obtained, despite a low concentration of TPP therein.  

CDs are regarded as non-toxic and environmentally friendly (217). Since TPP is ubiquitous in 

house dust and may potentially contribute to obesity and osteoporosis in humans, action is 
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urgently needed to eliminate environmental TPP. The advantage of FR-CD-ICs resides in 

reducing release and exposure of the guest FR and a prolonged shelf-life, providing an 

excellent solution for controlling the premature (before fire) release of volatile FR compounds 

like TPP. FR-CD-ICs are expected to be efficient in flame resistant performance and with low 

non-burning release and exposure to humans and the environment. They may also allow the 

use of very aggressive FRs, even those that are toxic and currently banned, because their 

contact with humans and release to the environment only occurs on burning and disruption of 

the FR-CD-IC. However more work is needed on toxicity testing of ICs regarding endocrine 

disruption and other potentially harmful biological effects. Molecular modeling and 

toxicological studies are currently being carried out in the laboratories of our collaborators. 
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CHAPTER 5 FORMATION AND CHARACTERIZATION OF INCLUSION 

COMPLEXES OF TRIPHENYL PHOSPHATE AND CYCLODEXTRINS, PART 2: α-

AND γ-CYCLODEXTRINS 
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Fiber and Polymer Science Program, North Carolina State University    

Campus Box 8301, Raleigh, NC 27695-8301, USA 

 

Abstract 

Triphenyl Phosphate (TPP) is applied worldwide as a plasticizer and a phosphorus flame 

retardant (FR). However in recent years, TPP has been detected at high concentrations in 

indoor/outdoor air and biota. Besides, TPP is similar in structure to a known metabolic 

disruptor (triphenyltin chloride) and a series of studies demonstrated that exposure to TPP may 

lead to obesity and osteoporosis in humans. Cyclodextrins (CDs) are enzymatic degradation 

products of starch and are considered environmental-friendly. The capability of β-CD to form 

an inclusion complex (IC) with TPP was proved and reported in our previous study. In the 

current work, two other parent CDs (α-CD and γ-CD) were applied and their abilities to form 

ICs with guest TPP were studied. Results from a series of characterization methods indicated 

the successful synthesis of TPP-γ-CD-IC via two routes. However, α-CD appears unable to 

form an IC with TPP, which is likely attributable to a size mismatch between them.  
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Keywords: flame retardant (FR), triphenyl phosphate (TPP), α-cyclodextrin (α-CD), γ-

cyclodextrin (γ-CD), inclusion complex (IC), columnar/channel crystal structure 
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5.1. Introduction 

Flame retardants (FRs) are substances added to combustible materials, which aim to prevent 

combustion, delay the spread of fire and increase escape time. To meet California’s Technical 

Bulletin 117, organohalogenated FRs, such as polybrominated diphenyl ethers (PBDEs) were 

frequently applied in furniture foam, plastics and construction materials. However in recent 

years, adverse health and environmental concerns of PBDEs became increasingly clear (218-

222). This is largely because they are only mechanically added to polymer substrates and not 

chemically bonded to them (223). As a result, several of their commercial products were 

banned and added to Annex A of the Stockholm Convention (3).  

The use of organophosphate esters has increased as brominated flame retardants are eliminated 

from the market. Triphenyl phosphate (TPP, Figure 69 (a)) is an aryl phosphate and has been 

widely used as a flame retardant for cellulosic materials and polyurethane foams. It is also a 

component of a commercial flame retardant mixture known as Firemaster 550 (224). TPP is 

likely to be released into the environment due to its high volatility and has been detected at a 

concentration as high as 47,000 ng/m3 in air (225, 226). In aquatic environments, concentration 

of TPP can reach 165 ng/L and in China TPP was also detected in tap water (227-229). 

According to a recent study, TPP was suggested to decrease cell viability, increase oxidative 

stress and disrupt the generation of steroids in TM3 cells (230). Another in vitro study found 

that exposure to TPP may lead to obesity and osteoporosis in humans (18).    
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(c) β-CD (d) γ-CD 

Figure 69. Chemical structures of triphenyl phosphate (TPP) and three parent cyclodextrins 

(α-CD, β-CD and γ-CD). 

 

Cyclodextrins (CDs) are cyclic oligomers consisting of several (α-1,4)-linked α-D-

glucopyranose units. The natural CDs are α- (Figure 69 (b)), β- (Figure 69 (c)) and γ-

cyclodextrin (Figure 69 (d)), which contain six, seven and eight glucopyranose units, 

respectively. CD is visualized as a truncated cone structure due to the chair conformation of 

the glucopyranose units. Both primary and secondary hydroxyl groups are directed towards the 

exterior of the cavity, while the skeletal carbons and ether-like oxygens are located inside the 

truncated cone. These structural features make the exterior of CDs hydrophilic with a 

hydrophobic inner cavity, which enables the formation of non-covalently bonded cyclodextrin 

inclusion complexes (CD-ICs) with a vast array of molecules.  
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CDs are usually referred to as the “host”, while the molecule encapsulated in it is called the 

“guest”. To form an IC, a dimensional fit between the host and guest must be met. Besides, 

CD-ICs give increased photo and heat stability, as well as improved aqueous stability, to the 

guests they complex with. Some other advantages include masking of unpleasant odors and 

enhancement of bioavailability. Among the three natural CDs, the heights of their cavities are 

constant, while the internal cavity diameter and volume varies due to different numbers of 

glucose units. For instance, α-CD is likely to complex relatively small molecules or compounds 

with aliphatic side chains while γ-CD is able to accommodate larger guest molecules such as 

steroids (27).  

Recently, we reported the successful synthesis and characterization of the TPP-β-CD inclusion 

complex. Results demonstrated the application of TPP-β-CD-IC as an effective flame retardant 

for polyethylene terephthalate (PET). With much less of the flame retardant, the TPP-β-C-IC 

displayed comparable FR performance as pure TPP, and presumably with an extended shelf 

life (231). Thus, the unwanted release of FR under normal conditions will potentially be 

eliminated. The purpose of the current work is to investigate the complex formation capabilities 

of TPP and α/γ-CD and to study their stoichiometry and crystal structures. Characterization 

techniques, including Fourier transform infrared spectroscopy (FTIR), differential scanning 

calorimetry (DSC), thermogravimetric analysis (TGA), wide-angle X-ray diffraction (XRD) 

and 1H-nuclear magnetic resonance (1H-NMR), were employed to prove and characterize IC 

formation. 
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5.2. Materials and Methods  

5.2.1. Materials 

Triphenyl phosphate (TPP, ≥99%) was purchased from Sigma-Aldrich (St. Louis, MO).                     

α-cyclodextrin and γ-cyclodextrin (USP-NF grade) were obtained from Cerestar Company 

(Hammond, IN). Methanol (HPLC grade) was purchased from Fisher Scientific (Pittsburgh, 

PA). Dimethyl sulfoxide-d6 (100%, 99.96 atom % D) was obtained from Sigma Aldrich (St. 

Louis, MO). 

5.2.2. Synthesis of Inclusion Complex of TPP and α-CD 

A co-precipitation method was employed to prepare the inclusion complex (TPP-α-CD-IC). 

1.2*10-3 moles α-CD was dissolved in 10 ml of deionized water at 35 °C in a water bath. At 

the same time, 6*10-4 moles of TPP was dissolved in a tiny amount of methanol and was added 

slowly and dropwise to the α-CD aqueous solution. The system was heated on a hot plate at 35 

°C and stirred for another 3 hours in order to form an IC. Then the solution was cooled down 

gradually and stayed overnight in the fridge at 4°C, because the IC is likely to precipitate out 

due to reduced solubility under lower temperature. The precipitate was filtered under vacuum 

with a Buchner funnel and washed with moderate amounts of deionized water and methanol 

to eliminate uncomplexed α-CD and TPP. The obtained products were crushed into a fine 

powder and dried in a vacuum oven. 

5.2.3. Synthesis of Inclusion Complexes and Physical Mixture of TPP and γ-CD 

TPP-γ-CD inclusion complexes (TPP-γ-CD-IC) were prepared in a similar manner as 

described above, but with modified parameters. In Route No.1, 1.2*10-3 moles γ-CD was 

dissolved in 5 ml of deionized water at 35 °C. 6*10-4 moles of TPP was dissolved in methanol 

and added dropwise to the γ-CD aqueous solution. The mixed solution was heated on a hot 

plate at 35 °C for 3 hours. It was then cooled to room temperature and stayed at 4 °C overnight. 
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In Route No.2, 1.2*10-3 moles of γ-CD was dissolved in 15 ml deionized water at room 

temperature (20 °C). 6*10-4 moles of TPP was dissolved in methanol and added dropwise to 

the γ-CD aqueous solution. The combined solution was kept stirring for 48 hours at room 

temperature. For both synthesis routes, similar filtration and drying procedures were conducted 

as depicted in Section 2.2.   

The TPP/γ-CD physical mixture (TPP/γ-CD-PM) was prepared by mixing TPP and γ-CD 

powders with the molar ratio of TPP:γ-CD = 1:2. 

5.2.4. Characterization 

5.2.4.1. Fourier Transform Infrared Spectroscopy (FTIR) 

Absorbance Fourier transform infrared spectra were obtained on a Nicolet Nexus 470 

Spectrometer. The infrared spectra in the range of 700-4000 cm-1 of all samples were analyzed 

qualitatively for identifying different kinds of materials. A Nicolet OMNI Germanium Crystal 

ATR sampling head was used and spectra was analyzed by OMNIC software. For each FTIR 

run, the ample was scanned 64 times with a resolution of 2 cm-1.    

5.2.4.2. Differential Scanning Calorimetry (DSC) 

DSC experiments were performed on a Perkin Elmer Diamond DSC with nitrogen as the purge 

gas. Indium was used as the reference and the thermograms were analyzed using Pyris 

software. Temperature scans were set from 25 to 60 °C with a heating rate of 10 °C/min. 

Thermal properties such as the melting point of TPP can be studied.  

  



 

139 

 

5.2.4.3. Thermogravimetric Analysis (TGA) 

Thermal characteristics of samples were identified using Perkin Elmer Pyris 1 

Thermogravimetric Analyzer (TGA). The TGA instrument is able to provide information on 

degradation on the basis of weight loss over time and temperature. Meanwhile, quantitative 

information of various components can be acquired by looking into separate degradation 

stages. The samples were heated from 25 to 400 °C at a rate of 20 °C/min and nitrogen was 

used as the purge gas. Weight percentage of the remaining material was recorded during each 

temperature scan. 

5.2.4.4. Wide-Angle-X-ray Diffraction (XRD) 

X-ray diffraction patterns were obtained with a Rikagu Smartlab X-ray Diffractometer. The 

radiation source is Ni-filtered Cu Kα with wavelength of 1.54 Å. The supplied tube voltage and 

current were set to 40 kV and 44 mA, respectively. The diffraction intensities were recorded 

every 0.05° from 2θ scans in the range of 5-30°. 

5.2.4.5. 1H-Nuclear Magnetic Resonance (NMR) 

1H NMR results were generated on a Bruker DRX 500 MHz spectrometer. All samples were 

dissolved in DMSO-d6 and tetramethylsilane (TMS) was used as the internal standard. 131 K 

data points were included in one dimensional 1H data sets and sufficient scans were applied to 

get a good signal-to-noise ratio. The stoichiometry of FR and CD in their IC were calculated 

by integrating their separate characteristic 1H resonance peaks.   
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5.3. Results and Discussion 

5.3.1. Characterization and Measurements of Expected TPP-α-CD-IC 

5.3.1.1. Fourier Transform Infrared Spectroscopy (FTIR) 

To prove the successful formation of an inclusion complex, the first step is to demonstrate the 

presence of the guest FR and this can be confirmed by the use of FTIR. For the guest and the 

host, the difference in shape, shift and intensity of FTIR absorption peaks may be an indication 

of complex formation. FTIR spectra of TPP, α-CD and their expected IC are displayed in 

Figure 70. Characteristic peaks of α-CD are observed at 1030, 1080 and 1155 cm-1, which 

correspond to the coupled C-C/C-O stretching vibrations and C-O-C glycosidic linkages. Also 

absorption bands between 1200 and 1500 cm-1 are mixed bending modes of C-H, CH2 and O-

H and a broad peak centered at 3346 cm-1 are an evidence of symmetric and antisymmetric O-

H stretching. TPP owns a series of sharp absorption bands including 948, 1293, 1483 and 1587 

cm-1, which can be correlated to P-O-C antisym stretch, P=O stretch and ring stretch. In the 

spectrum of expected IC, characteristic peaks from both α-CD (for example, 2926, 3346 cm-1) 

and TPP (for example, 1292, 1487 and 1590 cm-1) are observed, which indicates that both 

molecules are present in the powder samples. However in IC spectrum no shifts in absorption 

bands are noted. This together with the high intensity of TPP bands in IC spectrum could 

suggest little or no interactions between TPP and α-CD (231). 
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Figure 70. FTIR spectra of (i) TPP, (ii) α-CD and (iii) expected TPP-α-CD-IC. 

 

5.3.1.2. Differential Scanning Calorimetry (DSC) 

DSC is very useful in verifying whether the guest molecule has been encapsulated inside the 

CD cavity. If there are any uncomplexed FR existing in the expected IC product, melting of a 

solid as well as other thermal transitions will occur. DSC thermograms of TPP, α-CD and 

expected TPP-α-CD-IC are exhibited in Figure 71. TPP has a melting point of around 50 °C, 

which is displayed in its thermogram as a sharp and intense peak. CDs will not encounter 

thermal transitions in this temperature range (25-60 °C). However, a sharp endothermic peak 

is present at around 50 °C in the expected α-CD-IC thermogram, which corresponds to the 

melting point of pure TPP. Therefore, the expected IC is likely a physical mixture rather an 

inclusion complex. Attempts at using excess α-CD to form an inclusion complex with TPP 
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were also made by using a co-precipitation method. However, by analyzing the FTIR and DSC 

results (not presented here) no ICs were successfully synthesized. This suggests that α-CD 

cannot form an inclusion complex with TPP. By considering the bulky structure of TPP (with 

three benzene rings) and the relatively small cavity size of α-CD (inner d: 4-5 Å), the failure 

in forming a TPP-α-CD inclusion complex is potentially due to the size mismatch between 

them. 
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Figure 71. DSC thermograms of (i) TPP, (ii) α-CD and (iii) expected TPP-α-CD-IC. 
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5.3.2. Characterization and Measurements of Expected TPP-γ-CD-IC 

5.3.2.1. Fourier Transform Infrared Spectroscopy (FTIR) 

The FTIR spectra of ICs synthesized by both routes are illustrated in Figure 72. Specifically, 

TPP-γ-CD-IC (1) and TPP-γ-CD-IC (2) represent for the expected IC synthesized by Route 

No. 1 (35 °C, 3h) and Route No. 2 (20 °C, 48h), respectively. In both the spectra of two ICs, 

characteristic peaks from both TPP and γ-CD have been observed. For instance, absorption 

bands at 1488 and 1591 cm-1 are from TPP and bands at 1155, 2928 and 3351 cm-1 are from γ-

CD. This indicates that both TPP and γ-CD are present in the expected IC samples. In addition, 

the slight shift of the above absorption bands (1294 to 1292 cm-1 and 1487 to 1488 cm-1), as 

well as the absence of some TPP characteristic peaks (1294 and 3062 cm-1) in the IC spectra 

may suggest host-guest interactions between the FR and γ-CD.   

  



 

144 

 

4000 3500 3000 2500 2000 1500 1000

iv

iii

ii

 

 

A
b

s
o

rb
a

n
c
e

Wavelength (cm
-1
)

i

 

Figure 72. FTIR spectra of (i) TPP, (ii) γ-CD, (iii) TPP-γ-CD-IC (1) and (iv)TPP-γ-CD-IC (2). 

 

5.3.2.2. Differential Scanning Calorimetry (DSC) 

DSC scans of two expected TPP-γ-CD-ICs are presented in Figure 73, and thermograms of 

TPP, γ-CD and their physical mixtures (TPP-γ-CD-PM) are also given for comparison. CDs 

have a degradation temperature of over 270 °C, and both CDs and their inclusion complexes 

will decompose while melting. The melting point of TPP is around 50 °C and this is covered 

within the temperature scan (25-60 °C). As expected, a huge endothermic peak appears in TPP 

and TPP-γ-CD-PM. However such a peak does not exist in their expected IC thermograms, 

which indicates that no free flame retardant is present in our samples. Recall that FTIR results 

demonstrate the presence of TPP and γ-CD in our samples. This plus the DSC results which 
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verify the absence of free TPP provide a strong evidence that the guest FR has been included 

in the host γ-CD cavities, formed via both routes. 
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Figure 73. DSC thermograms of (i) TPP, (ii) γ-CD, (iii) TPP-γ-CD-PM, (iv) TPP-γ-CD-IC (1) 

and (v)TPP-γ-CD-IC (2). 

 

5.3.2.3. Thermogravimetric Analysis (TGA) 

After an inclusion complex is formed, the thermal stability of the guest molecule (especially 

volatile ones, such as TPP) is expected to be enhanced. Hence, TGA was conducted to further 

study the evaporation of TPP from its γ-CD-IC. TGA thermograms of TPP, γ-CD, their PM 

and two ICs are displayed in Figure 74. Pure TPP starts degradation at just over 100 °C, 

exhibiting its volatile nature as a flame retardant. γ-CD and TPP-γ-CD-PM have two and three 

weight loss stages, respectively. For γ-CD, the first weight loss (below 100 °C) is due to the 
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evaporation of water and the second one (325-375 °C) corresponds to CD degradation. 

Compared to γ-CD, the physical mixture has one more weight loss stage (125-270 °C) which 

is attributed to degradation of TPP. In contrast to the neat TPP degradation, the γ-CD-IC 

thermograms display smooth curves rather than discontinuous weight losses. This 

demonstrates that thermal stability of the flame retardant has been improved upon inclusion 

and complex formation via both routes, which is potentially due to the interactions between 

TPP and γ-CD.  
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Figure 74. TGA thermograms of (i) TPP, (ii) γ-CD, (iii) TPP-γ-CD-PM, (iv) TPP-γ-CD-IC (1) 

and (v)TPP-γ-CD-IC (2). 
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5.3.2.4. Wide-Angle X-ray Diffraction (XRD) 

XRD results (TPP, γ-CD and their two inclusion complexes) are given in Figure 75 to study 

the changes in crystalline phases before and after the complex formation. Several salient TPP 

peaks at 2θ = 10.8, 13.4, 16.1, 18.6, 20.2 and 21.8 º are observed in its XRD pattern, indicating 

a high degree of crystallinity.  As-received γ-CD owns a cage herringbone type crystal structure 

(Figure 76 (a)), where both cyclodextrin cavities are blocked by adjacent CD molecules. It is 

known that    γ-CD inclusion complexes are crystallized in the mode of columnar structures, 

with the exception for water as the guest (124). In a columnar type structure of γ-CD-IC, the 

orientation of γ-CD is head-to-head; tail-to-head; tail-to-tail (Figure 76 (b)) (125). X-ray 

diffractograms of the two ICs are very different from the superimposition of those of neat TPP 

and cage γ-CD, which suggest that they are not simple physical mixtures. Characteristic peaks 

of TPP (such as 13.4 and 18.6 º) are absent in both IC patterns, demonstrating no free TPP in 

the IC samples. More importantly, an intense peak at 7.5 º has been noted in XRD patterns of 

both inclusion complexes, which can be considered as a strong evidence of successful IC 

formation with tetragonal columnar-type packing of γ-CD (144, 232, 233).   
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Figure 75. XRD patterns of (i) TPP, (ii) γ-CD, (iii) TPP-γ-CD-IC (1) and (iv) TPP-γ-CD-IC 

(2). 

 

  

(a)  cage herringbone type (b) columnar type (3-γ-CD repeating unit) 

Figure 76. Cage herringbone crystal structure (a) and head-to-head; tail-to-head; tail-to-

tail columnar-type-γ-CD crystals (b). 
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5.3.2.5. 1H-Nuclear Magnetic Resonance (NMR) 

Proton NMR is powerful way to verify the existence of guest FR in the γ-CD-ICs. More 

importantly, it can also be used to obtain the stoichiometry of the TPP and γ-CD complex.               

1H-NMR spectra of the TPP γ-CD-ICs (1) and (2) are illustrated in Figure 77. Neat TPP and 

γ-CD spectra are also included for comparison. DMSO-d6 was used to dissolve all samples and 

has a chemical shift of 2.5 ppm from the internal TMS standard employed. Chemical shifts 

between 7 and 7.5 ppm are characteristic of TPP and are observed in both IC spectra, indicating 

the presence of TPP in the IC samples. The stoichiometry of TPP and γ-CD is obtained by 

calculating the ratio of integrated featured peaks from individual substances. Specifically, 

peaks at 4.8 ppm (H-1 proton from γ-CD) and 7.5 ppm (proton from TPP) were employed in 

the stoichiometric calculation (234). Results demonstrate a 1:2 molar ratio between TPP and 

γ-CD, which is the same as we reported in a previous study on TPP-β-CD-IC (231). 

Additionally, changes in chemical shifts for H-3 and H-5 (around 0.01 ppm) have been noted 

while chemical shifts for the other four protons on γ-CD almost keep constant. Since H-3 and 

H-5 are located inside CD cavity, variation in their chemical shifts may suggest a change in 

chemical environments. And this is potentially caused by the interactions between TPP and γ-

CD (137, 235). 
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Figure 77. NMR spectra of (i) TPP, (ii) γ-CD, (iii) TPP-γ-CD-IC (1) and (iv) TPP-γ-CD-IC (2). 

 

5.4. Conclusions 

In the current work, the capability of two parent cyclodextrins (α-CD and γ-CD) to form 

inclusion complexes with the guest flame retardant, triphenyl phosphate has been investigated. 

From our preliminary FTIR and DSC results, it seems that TPP may not form an inclusion 

complex with      α-CD, likely due to the relative small cavity size of α-CD (125).  We report, 

however, the successful IC formation between TPP and γ-CD by a co-precipitation method via 

two routes. In the first route, TPP/methanol solution was added to γ-CD aqueous solution and 

the whole system was heated at 35 °C for 3 hours. While in the second route, no external 

heating was employed and the TPP-γ-CD system was stirred for 2 days to form an IC. FTIR 

indicates the existence of TPP and γ-CD in the expected IC products, and there were no 
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endothermic peaks in their DSC thermograms, suggesting all TPP are included inside CD 

cavity. Pure TPP starts thermal degradation from just above 100 °C. However after the 

formation of inclusion complexes, thermal stability of TPP has been significantly improved. 

This can be verified by the absence of TPP degradation (between 100 and 200 °C) in the TGA 

thermograms of the γ-CD-ICs. In the XRD patterns of the TPP-γ-CD-ICs, a finger print peak 

for the columnar γ-CD structure has been observed at 2θ=7.5 °. This demonstrates that the two 

TPP-γ-CD-ICs adopt a columnar type crystal structure. NMR results provide the stoichiometric 

information in the inclusion complexes. For both ICs, the molar ratio of TPP: γ-CD are 

calculated to be 1:2,  suggesting that to form an inclusion complex, two γ-CDs are needed for 

encapsulating one guest flame retardant TPP in a columnar form.  

Delivery of FRs in the form of their CD-ICs is expected to avoid unnecessary FR release under 

normal conditions and to take effect only when exposed to sufficient heat. Furthermore, 

according to our previous flame tests of FR-β-CD-ICs gave superior flame retardancy 

performance with much smaller amounts of FR used (231). Therefore, application of FRs in 

their CD-IC form is very promising.  
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Abstract 

Triphenyl phosphate (TPP) is a phosphorus flame retardant that is widely applied all over the 

world. However it has recently attracted more and more attention due to a series of 

environmental and health issues, including its universal detection in air and potential endocrine 

disrupting properties. Cyclodextrins are considered bio-friendly and find their applications in 

various industries such as food and pharmaceuticals. Formation of inclusion complexes (ICs) 

of the flame retardant TPP and two parent cyclodextrins (β-CD and γ-CD) were reported in 

our previous studies. Several conventional characterization techniques including Fourier 

transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), differential 

scanning calorimetry (DSC), X-ray diffraction (XRD) and 1H-nuclear magnetic resonance (1H-

NMR) have been utilized to verify the formation of TPP-β-/γ-CD-IC. In the current work, a 

novel analytical chemistry technique -- tandem mass spectrometry (ESI-Q-TOF) -- was used 

to study the inclusion complexes of TPP and CDs. Successful formation of TPP-β-/γ-CD-IC 

was further proved by ESI mass spec in the positive mode. Experimental results demonstrated 

that 1:1 inclusion complex ions of the guest FR and the host CDs were detected. 

Experimentally α-CD cannot form an IC with TPP and this was further confirmed by tandem 

mass spec. Mass spectrometry provides a fast and accurate method to investigate soluble 

cyclodextrin inclusion complexes and verify the formation of ICs in solution. 

*Corresponding author (nrvinuez@ncsu.edu) 
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Keywords: flame retardant (FR), triphenyl phosphate (TPP), cyclodextrin (CD), inclusion 

complex (IC), mass spectrometry (mass spec), quadrupole mass spectrometer, time-of-flight 

(TOF) mass analyzer.  

 

6.1. Introduction 

Fire disasters have been a huge concern all over the world. Specifically in U.S., there were 

around 1.3 million fires (a 4.7 % increase from 2013) in 2014, resulting in 3,275 civilian death, 

15,775 injuries and $11.6 billion direct property damage. That is to say, because of fire, a 

citizen was dead every 2 hours and 41 minutes and injured every half an hour (236). Flame 

retardants (also fire retardants, or FRs) are compounds that are commonly found in combustible 

materials including furniture upholstery, foams, plastics and insulation. The aim of FR is to 

stop fire initiation and to slow down the spread of fire after ignition. However, other research 

is demonstrating that, FRs not only have limited effects in preventing ignition, but also produce 

a significant amount of toxic substances (for example, smoke, carbon monoxide and dioxins). 

These can in fact lead to increased fire-related deaths and disease (237).   

Halogenated flame retardants (HFRs) are the most common FRs and are effective in the gas 

phase. However due to the health and environmental concerns of HFRs (for example, 

polybrominated diphenyl ethers (PBDEs)) (16, 69, 102, 238-240), other types of FRs such as 

phosphorus FRs (PFRs) are considered to be appropriate substituents for HFRs. Triphenyl 

phosphate (TPP) is employed worldwide as a PFR as well as an important plasticizer for resins. 

TPP is also one component of Firemaster® 550 and is commonly found in nail polishes to make 

them flexible and durable (84, 241). However recent studies suggested that TPP is an endocrine 

disruptor and may be associated with obesity, osteoporosis and fertility problems in humans 

(16, 18, 25, 98, 101, 231, 242-244). It has also been detected in house dust, atmosphere and 

biota far and wide (25, 83, 85, 209, 225).  
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Cyclodextrins (CDs) are degradation products of starch. The three most abundantly produced 

CDs consist of six (α-CD), seven (β-CD) and eight (γ-CD) D-glucopyranonsyl units cyclically 

linked by α-1,4 glycosidic bonds. As a consequence, CDs can be visualized as truncated cone 

structures. CDs own a hydrophilic outside and hydrophobic inner cavity, and therefore can 

form inclusion complexes (ICs) when a guest molecule (usually lipophilic) is partially or 

entirely contained in the cavity. The three parent CDs have different numbers of glucose units 

and cavity sizes, consequently their availability to hold guest molecules and form ICs are 

varied. Generally, formation of an IC can modify the properties of the guest molecule, such as 

improved solubility as well as enhanced photo- or thermo-stability (27, 245). Chemical 

structures of TPP and three parent CDs are displayed in Figure 78. 
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Figure 78. Chemical structures of triphenyl phosphate (TPP) and three parent 

cyclodextrins (α-CD, β-CD and γ-CD). 

 

A variety of physicochemical techniques have been applied in verifying the formation of CD-

ICs and studying the stoichiometric information. Among them, mass spectrometry (MS) has 

been increasingly popular due to its high sensitivity and high mass accuracy (246-250). By 

ionizing the chemical bonds, charged molecules or molecule fragments are generated and the 

mass-to-charge ratios are measured. Specifically, quadrupole-time-of-flight (Q-TOF) tandem 

mass spectrometer play an important role in chemical analysis and are frequently used together 

with ion sources such as electrospray ionization (ESI). The quadrupole mass analyzer is 
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considered as a mass filter, which enables the ions with a targeted mass-to-charge ratio (m/z) 

passing through. While a time-of-flight mass spectrometer is able to separate the ions by the 

time they take to move in the flight tube, and this time is relevant to the masses of ions. Hybrid 

apparati combine the performance characteristics from various analyzers into one mass 

spectrometer, thus providing unique applications and expanded fields of research (251-254). 

ESI was developed in 1984 and is regarded as the most widely used ionization technique. It is 

generally accepted as a soft ionization method since only little or no fragmentation occurs 

during ionization. ESI allows multiple charges exerted to the analytes, therefore can be used 

to ionize polymers, proteins and other large molecules (255-258).  

6.2. Materials and Methods 

Triphenyl phosphate (TPP, ≥99%) was purchased from Sigma-Aldrich (St. Louis, MO). α-, β- 

and γ-cyclodextrin (USP-NF grade) were obtained from Cerestar Company (Hammond, IN). 

HPLC grade methanol was purchased from J.T.Baker. Deionized water was obtained from 

ELGA Purelab Ultra AN MK2. 

The approaches to form inclusion complexes of flame retardant TPP and β-/γ-CD were 

described in previous studies (231). Basically a co-precipitation method has been employed to 

synthesize TPP-β-CD-IC and TPP-γ-CD-IC. However potentially due to size mismatch, α-CD 

could not encapsulate TPP and form an inclusion complex.  

Mass spectra was obtained using an Agilent Technologies 6520 Accurate-Mass Quadrupole-

Time-of-Flight (Q-TOF) mass spectrometer equipped with electrospray ionization (ESI) 

interface. Data was collected by Agilent MassHunter Acquisition software. Ionization was 

carried out in positive ionization mode. Mass spectrometer conditions were: nebulizer pressure, 

35 psig; capillary voltage, 4000 V; drying gas flow, 12 L/min at 350°C; fragmentor voltage, 
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175 V. Calibration of the mass spectrometer was performed per manufacturer settings. Three 

parent CDs, TPP, two successfully formed ICs (TPP-β-CD-IC and TPP-γ-CD-IC) and the 

unformed TPP-α-CD sample were prepared for mass spectrometry analysis. Specifically, 0.1 

mg of each powder samples was weighed and dissolved in 10 ml of 50:50 methanol: water 

solution. For comparison, physical mixtures (PMs) of TPP and CDs were prepared by manually 

mixing an equimolar portion of the flame retardant and CD. 

6.3. Results and Discussion 

6.3.1. Mass Spectrometry Analysis of TPP-β-CD-IC and TPP-β-CD-PM 

ESI-MS is helpful in investigating the stoichiometry and host-guest interactions of the 

inclusion complex in the solution phase. Both positive and negative modes were applied in 

preliminary runs and positive mode was considered more suitable. The positive ESI mass 

spectrum of TPP-β-CD-IC and TPP-β-CD-PM are reported in Figure 79. Two peaks of singly 

charged ions at the m/z ratios of 349.0612 and 675.1316 are correlated with sodiated and 

dimeric triphenyl phosphate ions:  [TPP + Na]+ and [2TPP + Na]+. As for β-CD, detection of 

peaks at m/z ratios of 590.1764 and 1157.3604 were attributed to doubly charged β-CD [β-CD 

+ 2Na]2+ and sodiated β-CD [β-CD + Na]+, respectively. Specifically, the peak at an m/z ratio 

of 753.2099 corresponded to [β-CD + TPP + 2Na]2+ and were an indication of inclusion 

complex formation between β-CD and TPP. This disodiated ion was further subjected to ion 

isolation and targeted collision-induced dissociation (CID) events, and the fragmentation 

patterns were displayed in Figure 81. After CID was conducted at ions of 753.2092 m/z, peaks 

at 349.0595 ([TPP + Na]+) and 1157.3557 m/z ([β-CD + Na]+) were generated. This indicated 

ions at 753.2092 m/z was actually composed of TPP and β-CD, thus an inclusion complex 

between TPP and β-CD had been successfully detected via ESI tandem mass spectrometry. 
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Based on CID results, m/z ratio of 590.1729 represented for [β-CD + Na]2+ and was also 

present in the original mass spectra.             

For comparison, a physical mixture (PM) of TPP and β-CD was also prepared and analyzed by 

tandem mass spectrometer. Similarly, peaks at 349.0607 and 1157.3584 m/z were 

corresponding to [TPP + Na]+ and [β-CD + Na]+. However ions at 753.2099 m/z were not 

detected and a closer look is given in Figure 80. The absence of 753.2092 m/z in TPP-β-CD-

PM spectra demonstrated the difference between PM and IC. Besides, the IC was not formed 

in the mass spectrometer but rather before the test.  

 

Figure 79. ESI mass spectra of: TPP-β-CD-IC (top) and TPP-β-CD-PM (bottom). 
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Figure 80. Zoomed in ESI mass spectra of: TPP-β-CD-IC (top) and TPP-β-CD-PM (bottom) 

at around 753.2099 m/z. 

 

 

Figure 81. CID of TPP-β-CD-IC at 753.2092 m/z. 
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6.3.2. Mass Spectrometry Analysis of TPP-γ-CD-IC and TPP-γ-CD-PM 

In ESI mass spectra of both TPP-γ-CD-PM and TPP-γ-CD-IC (Figure 82), singly charged ions 

at m/z of 349.061 and 1319.4 were detected, which represented for [TPP + Na]+ and [γ-CD + 

Na]+. In IC spectra, a peak (m/z of 671.2035) corresponding to [γ-CD + 2Na]2+ was also found. 

More importantly, a peak at 834.2405 m/z exhibited in IC spectra but not displayed in that of 

PM (Figure 83). CID was exerted to this ion and peaks corresponding to TPP (349.0587 m/z, 

[TPP + Na]+) and γ-CD (1319.4095 m/z, [γ-CD + Na]+) were obtained (Figure 84). Similar to 

TPP-β-CD-IC, the existence of 834.2405 m/z ([γ-CD + TPP + 2Na]2+) in IC but not in PM 

spectra distinguished them from each other and suggested the successful formation of an 

inclusion complex of TPP and γ-CD before the mass spectrometry run.  

 

Figure 82. ESI mass spectra of: TPP-γ-CD-IC (top) and TPP-γ-CD-PM (bottom). 
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Figure 83. Zoomed in ESI mass spectra of: TPP-γ-CD-IC (top) and TPP-γ-CD-PM (bottom) at 

around 834.2405 m/z. 

 

 

Figure 84. CID of TPP-γ-CD-IC at 834.2392 m/z. 
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6.3.3. Mass Spectrometry Analysis of Synthesized TPP-α-CD and TPP-α-CD-PM 

The positive ESI mass spectra of our synthesized TPP-α-CD system and TPP-α-CD physical 

mixture are presented in Figure 85. As expected, in both spectra peaks at m/z ratios of 349.0603 

and 995.3054 were detected, which were attributed to [TPP+Na]+ and [α-CD+Na]+, 

respectively. This indicated the presence of TPP and α-CD in two test samples. Experimentally, 

α-CD cannot form an inclusion complex with TPP. Therefore no peaks representing the ‘TPP-

α-CD-IC’ was expected to be displayed in our synthesized ‘TPP-α-CD’ sample. The next 

concern is, were there any inclusion complexes existing in both samples or would an IC form 

in the mass spectrometer? According to the case of β-CD and γ-CD, ions corresponding to 

TPP-α-CD-IC is likely to own a m/z ratio of around 672 (doubly charged ions, [α-

CD+TPP+2Na]2+). In the full scale, peaks at around 672 m/z were not observed in either 

spectra. And if a closer look is taken (Figure 86), it is confirmed that a mass-to-charge ratio at 

around 672 does not exist. This demonstrates that α-CD cannot form an IC with TPP as β- or 

γ-CD, which might due to its relatively small cavity size and the bulky structure of TPP.   
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Figure 85. ESI mass spectra of: the synthesized TPP-α-CD sample (top) and PM of TPP and 

α-CD (below). 

 

 

Figure 86. Zoomed in ESI mass spectra of: TPP-α-CD-IC (top) and TPP-α-CD-PM (bottom) 

at around 672 m/z. 
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6.4. Conclusions 

Solid inclusion complexes of TPP-β-CD and TPP-γ-CD are experimentally known to be 

formed successfully from solution. In the current work, ESI tandem mass spectrometry 

(quadrupole-time-of-flight, or Q-TOF) is employed to provide a unique way to study these ICs 

when in solution. The obtained mass spectrometry results confirm the successful inclusion 

complex formation of TPP and β-CD or γ-CD with the help of CID technique. It seems that in 

the solution phase IC ions (around m/z=753.20 for TPP-β-CD-IC and m/z=834.24 for TPP-γ-

CD-IC) with a stoichiometry of 1:1 for both CD-ICs can be detected. While from previous 

NMR results, the solid TPP-β- and -γ-CD-ICs have a stoichiometry of TPP:CD=1:2. The 

comparison between IC and PM mass spectra indicates their difference and demonstrates that 

ICs were not formed in mass spectrometer. The detection of the two ICs suggests certain 

stability of them, since IC samples were prepared as solution samples and endured under 350ºC 

in the spectrometer. However, α-CD may not be able to complex with TPP since featured ions 

around m/z=672 were not present in the synthesized TPP-α-CD system. This is potentially due 

to a size mismatch between them. These results and conclusions from mass spectrometry are 

consistent with our previous experimental findings.  
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Abstract 

Triphenyl phosphate, a widely-employed phosphorus flame retardant, as well as an important 

plasticizer, was reported to appear worldwide in the atmosphere and to have potential 

endocrine disrupting properties. Cyclodextrins (CDs) are enzymatic degradation products of 

starch and are commonly used to include guest molecules and alter their physicochemical 

properties. Experimentally, TPP was proved to form solid inclusion complexes (ICs) with β-

CD and γ-CD. In the current study, computational methods were applied to help understand 

the energetically favorable geometry of TPP and β-/γ-CD in their 1:1 soluble IC forms. Semi-

empirical theoretical methods (PM3 and PM6) were used to find the global minima of TPP-

CD geometry. Two inclusion modes were investigated: Model A and Model B stand for TPP 

entering CD cavity from the wide and narrow side, respectively. Density functional theory 

calculations at a B3LYP/6-31G(d) level were employed for elaborate geometry optimization 

of the preliminarily optimized structures by PM3 and PM6. Solvent effect was also considered 

using the polarized continuum model (IEF-PCM). Analysis of the results indicated that after 

optimization, IC geometries provided by PM6 had stronger interactions and were more 

energetically favorable than the ones calculated by PM3. DFT calculations are more accurate 

than PM3/PM6 and enabled more interactions between the host and the guest than the two 

semi-empirical approaches. DFT calculations also proved that initial structures prepared by 

PM6 were more favorable in H-bonding profiles and key energy parameters. For the TPP-β-
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CD-IC system in vacuum and in water, Model A owned a lower total and complexation energy, 

while a stronger interaction between them was present in Mode B. For the TPP-γ-CD-IC, 

Model B was preferred over Model A in both vacuum and water. This was potentially attributed 

to more H-bonds formed between TPP and γ-CD in Model B and its ability to retain most of 

the internal linkages among primary hydroxyl groups.  

*Corresponding author (melissa_pasquinelli@ncsu.edu) 

Keywords: triphenyl phosphate (TPP), cyclodextrin (CD), molecular modeling (MM), 

Parameterization method 3 (PM3), Parameterization method 6 (PM6), density functional 

theory (DFT).  

 

7.1. Introduction 

Organophosphorus (OP) compounds are universally used as flame retardants (FRs) in 

polyurethane foam and baby products. One of the most famous OP compounds, triphenyl 

phosphate (TPP), also finds its application in making plastics, enamels and as a plasticizer for 

synthetic resins (225, 241). TPP is highly volatile and since it is mechanically added to the 

substrate, over time TPP is likely to leach into the environment. Stapleton and coworkers 

reported a high geometric mean concentration (7,360 ng/g) for TPP in house dust samples 

(collected from homes in Boston, MA area from 2002 to 2007), which indicated its potential 

health effects from dust exposure (85). To make things worse, a series of recent studies 

provided some preliminary toxicological profiles of TPP, suggesting the relationship of TPP 

and genotoxicity, reproductive toxicity, developmental toxicity and endocrine disrupting 

properties (16, 18, 20, 25, 101, 241).  

Cyclodextrins (CDs) are cyclic oligosaccharides which is composed of six (α-CD), seven (β-

CD), eight (γ-CD) or more (α-1,4)-linked α-D-glucopyranose units. The repeating units are in 

chair conformation thus the shape of CD is visualized as a truncated cone rather than a perfect 

mailto:melissa_pasquinelli@ncsu.edu
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cylinder. The primary hydroxyl groups reside in the narrow side and the secondary hydroxyl 

groups in the wide edge of the cone. The inner cavity contains the skeletal carbons and ether-

like oxygens thus make it lipophilic. Due to the hydrophilic outside and hydrophobic central 

cavity, CD is capable of encapsulating part of or the whole molecule (which is called “guest 

molecule”) into the cavity and form an inclusion complex (IC). By forming an IC, the 

physicochemical properties of the guest molecule are likely to be modified (115, 128, 259). 

Specifically for a guest molecule like TPP, delivered in its CD-IC form can potentially increase 

its thermal stability and let it be released only when actually needed. There is also a significant 

reduction (70-80% in FR weight) in the usage of FR-CD-ICs, enabling the safe use of 

chemically aggressive FRs, even those previously banned ones. This is because the contact of 

FRs with humans and their release to the environment is believed to happen only during 

burning (231).     

From the experimental aspect, solid inclusion complexes of TPP-β-CD-IC and TPP-γ-CD-IC 

have been successfully synthesized. In the current paper, molecular modeling techniques are 

employed to further study the two cyclodextrin inclusion complexes. It is believed that the 

combination of experiments and computational tools may be useful in investigating their 

complexation geometry (199, 200, 202, 203, 205, 260-262). The current study examines the 

inclusion complexation of TPP and β-/γ-CD by means of semi-empirical methods (PM3 and 

PM6) and density functional theory (DFT). Specifically, two semi-empirical approaches were 

utilized to localize the minimum energy structures and these chosen structures were further 

optimized by a higher level calculation – DFT. Two inclusion models (Model A and Model B) 

were proposed and their optimized structures and energy parameters were compared and 
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analyzed. Through these means, the ideal TPP-CD geometries were found and the 

complexation process was studied in detail.  

7.2. Modeling Details 

7.2.1. Search for Lowest Energy Structures 

The initial geometries of CDs and TPP were downloaded from PubChem and further optimized 

using Materials Studio software visualizer. A manual docking process was done to identify the 

most energetically favorable complexation structures. To find the global minimum geometry, 

a coordination system was established first (Figure 87). The glycosidic oxygen atoms of CD 

were placed in the X-Y plane and their center was defined as the origin of the coordinate system. 

A dummy atom from the guest molecules was designated and the distance between the dummy 

atom and the origin can represent the relative position between FR and CD. For the 

complexation process, the position of CD will be fixed while FR is moved in 0.5 Å steps toward 

the CD cavity from various directions. Several other possible orientations were also considered 

by rotating TPP around the Z axis clockwise in 30º intervals from θ = 0 to 360º.  
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Figure 87. Coordinate systems used to define the complexation process for: (a) Model A, TPP 

entering the CD cavity from the wide side and (b) Model B, TPP entering the CD cavity from 

the narrow side. 

 

In this study two possible directions will be considered: TPP entering the CD cavity from either 

the wide side (Model A, Figure 87 (a)) or the narrow side (Model B, Figure 87 (b)). After each 

translational and rotational step, the geometry was fully optimized using Parameterization 

Method 3 (PM3) and Parameterization Method 6 (PM6) theoretical methods without any 

restrictions. In this way, the potential energy surface was scanned and potential global 

minimum structures were identified. PM3 has been generally accepted to provide rapid 

estimation of molecular properties and is frequently used in predicting the optimized geometry 

of cyclodextrin inclusion complexes (127, 194, 200, 203, 205, 260). PM 3 is also able to give 
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more reliable structures than another semi-empirical method, Austin Method (AM1) (191). 

PM6 is a newly developed “Dewar-style” NDDO method and is considered as an updated 

version of AM1 and PM3. Previous studies suggested that PM6 can offer accurate docking 

results and provide stable structures of CD complexes (202, 263).     

7.2.2. Density Functional Theory (DFT) Calculations 

For each energetically favorable FR-CD geometry that was identified from the initial screening 

approach, IC geometries with global minimum energies were further optimized with the DFT 

B3LYP method and the 6-31G(d) basis set. DFT calculations were performed using the 

Gaussian09 software package and were conducted in both vacuum and in water, with solvent 

effects taken into consideration using the integral equation formalism polarizable continuum 

(IEFPCM) model. 

From both molecular modeling approaches, host-guest interactions can be quantified by 

calculating an interaction energy (Einter) (also sometimes called a binding energy) from the 

following equation, 

Einter = EIC – (ECD,frozen + EFR,frozen) 

[26] 

where EIC is the optimized energy of the entire inclusion complex, ECD,frozen and EFR,frozen are 

the energies of isolated CD and isolated FR, respectively, where each component is frozen in 

their IC conformations. A larger negative value indicates more favorable inclusion.  
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A complexation energy can also be quantified from the following equation, 

Ecomplex = EIC – (ECD + EFR) 

[27] 

where ECD and EFR are the energies of CD and FR, respectively, prior to complex formation. 

We can also quantify the degree at which the conformational energy (Econf) of component A 

(which is the either the CD or FR) changed during IC formation from the following equation, 

Econf,A = EIC,A – Eisolated,A 

[28] 

where Eisolated,A is the optimized energy of component A in isolation. Finally, other structural 

details can be extracted, such as hydrogen bond formation, persistent structural alignments, 

and the most likely ratio of CDs to FRs and other molecular details of such complexes. 

7.3. Results and Discussion 

7.3.1. Molecular Models for Complexation Process for TPP-β-CD System 

Previous experiments and characterization results have proved the formation of solid TPP-β- 

and γ-CD-ICs. Theoretical approaches, including semi-empirical methods and DFT 

calculations were conducted to find the optimized IC geometry and study the interactions 

between the host and the guest. As mentioned previously in Section 2.2, for the complexation 

process the optimized structures were obtained by scanning the θ angle from 0 to 360º at 30º 

intervals and the Z coordinate from +3.5 to -3.5Å (Model A) and from +4.5 to -2.5Å (Model 

B) at 0.5 Å intervals. PM3 geometry optimization gave two global minima (one for Model A 

and the other for Model B) and PM6 gave another two.  
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For the TPP-β-CD-IC system, complexation energies (Ecomplex) of Model A were calculated by 

PM3 and PM6 and are displayed in Table 14. Both PM3 and PM6 methods gave negative 

values in the complexation energy and interaction energy, indicating the complexation process 

was energetically favorable. In Figure 88 (a), the minimum Ecomplex was found at Z = -1 Å, θ = 

60º.  The lowest complexation energy was found at Z = -0.5 Å, θ = 90º for the PM6 method 

(Figure 88 (b)). Model B complexation energies calculated by the same theoretical approaches 

(PM3 and PM6) are exhibited in Figure 89. There the minimum Ecomplex appeared at Z = -1.5Å, 

θ = 270º. For PM6 optimization, the minimum energy was at Z = -2.5Å, θ = 300º (Figure 89 

(b)).  
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Figure 88. Complexation energies of TPP and β-CD inclusion complexation at different 

positions (Z) for Model A, using: (a) PM3 and (b) PM6 theoretical methods. 
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Figure 89. Complexation energies of TPP and β-CD inclusion complexation at different 

positions (Z) for Model B, using: (a) PM3 and (b) PM6 theoretical methods. 

 

A few energy parameters including heat of formation, complexation energy, and interaction 

energy are listed in Table 14.  By comparing these energy parameters, PM6 appears superior 

to PM3, since PM6 provides much larger values (more negative) of the interaction energy than 

PM3 for both models, suggesting stronger interactions between the host and the guest in the 

optimized structures.  

Table 14. Energy parameters of Model A and Model B calculated by PM3 and PM6 methods. 

(kcal/mol) Model A Model B 

 PM3 PM6 PM3 PM6 

EHF
a -1612.95 -1762.44 -1607.89 -1760.92 

Ecomplex -19.58 -104.47 -14.52 -102.95 

Einter -16.89 -108.97 -10.70 -117.20 

Econf,TPP 0.75 0.38 0.32 3.78 

Econf, β-CD -3.45 4.11 -4.14 10.47 
   a EHF is the heat of formation energy. 

 

Figure 90 (Model A) and Figure 91 (Model B) display the energy optimized structures of TPP-

β-CD system after PM3 and PM6 optimization. By doing such a structural comparison can 

better illustrate how PM6 is superior to PM3 in IC geometry optimization. For Model A, PM 

6 not only enabled one strong H-bonding formation between the host and the guest (O···H-O) 
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but also kept the internal H-bonding from both ends intact. However PM3 method broke the 

internal H-bonding system in the narrow side and there were no H-bonds formed between TPP 

and CD. Similarly in Figure 91, although PM6 interfered with one internal H-bond from the 

narrow side, the optimized IC geometry provided five additional H-bonding between TPP and 

CD. In contrast, internal H-bonding system partially disappeared in PM3 optimized structures 

and only one H-bond was newly formed in the presence of TPP. These changes in geometrical 

structures and hydrogen bonding information may explain why PM6 provided structures with 

a lower energy than PM3 as well as better interaction. Our preliminary calculations also 

indicated that, according to PM6 results, Model A owned a lower complexation energy but 

Model B provided a stronger interaction between the two molecules. IC geometries obtained 

by PM3 and PM6 methods (Figure 90 (a, c) Figure 91 (a, c) were then sent to Gaussian 09 

package for further optimization with DFT calculations. 
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(a) (b) 

  
(c) (d) 

Figure 90. PM3 and PM6 energy optimized structures of TPP-β-CD (Model A): (a) PM3, 

side view; (b) PM3, top view; (c) PM6 side view; (d) PM6, top view. 
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(a) (b) 

  
(c) (d) 

Figure 91. PM3 and PM6 energy optimized structures of TPP-β-CD (Model B): (a) PM3, 

side view; (b) PM3, top view; (c) PM6 side view; (d) PM6, top view. 
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7.3.2. DFT Calculations for TPP-β-CD System 

7.3.2.1. Initial Structures Obtained from PM3 Geometry Optimization 

After DFT geometry optimizations were conducted at the B3LYP/6-31G(d) level, energy 

parameters and optimized TPP-β-CD-IC geometries for both models in vacuum were obtained 

and are displayed in Table 15 and Figure 92. For those with the initial structures from PM3 

(Figure 92 (a) and (b)), it was noted that one H-bond was formed between the P=O from TPP 

and the hydrogen from the secondary hydroxyl group in β-CD. The distance between the two 

atoms changed from 2.708 to 1.888Å, which indicates the formation of a strong H-bond. Also 

part of the internal H-bonding system (4 of 7) from the narrow side was recovered. Compared 

to Figure 90 (a) and (b), more interactions between the host and the guest were present and the 

β-CD conformation became more energertically favourable during DFT calculations. Figure 

92 (c) and (d) exhibited the DFT optimized structures for Model B. While the hydrogen 

bonding was still existing between TPP and β-CD, the distance varied from 1.802 to 1.787 Å 

thus the interaction became slightly stronger after DFT geometry optimizations. However the 

internal H-bonding system (from the narrow side) was still broken and TPP tended to exit the 

CD cavity. It seemed that the final geometry may not be stable and this was probably attibuted 

to the imperfect initial structures obtained from PM3. 

  



 

178 

 

  

(a) (b) 

  

(c) (d) 

Figure 92. DFT B3LYP/6-31G(d) optimized structures of TPP-β-CD in vacuum (initial 

structures were obtained from PM3): (a) Model A, side view; (b) Model A, top  view; 

(c) Model B, side view; (d) Model B, top view. 
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Table 15. Energy parameters of Model A and Model B calculated by DFT B3LYP/6-31G(d) 

method in vacuum and water. Initial structures were obtained from PM3 optimization. 

DFT B3LYP/6-

31G(d) (kcal/mol) 

Model A Model B 

 In vacuum  

EHF
a -3521898.92 -3521896.96 

Ecomplex 0.67 2.63 

Einter -22.18 -23.89 

Econf,TPP 1.12 2.75 

Econf, β-CD 21.73 23.77 

DFT B3LYP/6-

31G(d) (kcal/mol) 

Model A Model B 

 In water  

EHF
a -3521927.42 -3521931.10 

Ecomplex 2.94 -0.73 

Einter -11.01 -14.07 

Econf,TPP 0.81 1.03 

Econf, β-CD 13.15 12.31 
                                               a EHF is the heat of formation energy. 

Solvent effects were taken into consideration using the integral equation formalism, 

polarizable continuum model (IEFPCM), with water as the solvent. The solvation calculations 

were conducted by B3LYP/6-31G(d). For Model A that was pre-optimized by PM3 (Figure 93 

(a) and (b)), the distance between the =O and the nearest secondary –OH group was 1.810Å. 

This was shorter than what we found previously in vacuum (1.888Å) and indicated the 

formation of a stronger H-bonding. Meanwhile, it was noted that the linked H-bonding system 

formed by primary hydroxyl groups was broken. According to previous research, the linkages 

were destabilized by dipolar effects and were easily dissociated in aqueous solution (264). 

Figure 93 (c) and (d) exhibited the DFT optimized geometry for Model B from the side and 

top views. Although the hydrogen bonding between P=O and the primary hydroxyl group was 

weaker (1.834 vs. 1.787Å), it should be noticed that an additional H-bond was formed, which 

was relatively strong (2.205Å).   
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By checking a few key energy parameters (total energy, complex energy, interaction energy 

and conformational energy in Table 15), it seems that in both vacuum and water Model B 

owned a slightly stronger interaction between TPP and CD due to larger absolute values of 

Einter. The conformational changes of TPP and β-CD in Model A and B were also comparable. 

However nearly all four complexation energy values were positive, which suggested that PM3 

did not provide satisfying structures after geometry optimization. 

 

  
(a) (b) 

  
(c) (d) 

Figure 93. DFT B3LYP/6-31G(d) optimized structures of TPP-β-CD in water (initial 

structures were obtained from PM3): (a) Model A, side view; (b) Model A, top view; 

(c) Model B, side view; (d) Model B, top view. 
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7.3.2.2. Initial Structures Obtained from PM6 Geometry Optimization 

For the two possible global minima found by PM6 theoretical method, DFT calculations at a 

B3LYP/6-31G(d) level were also conducted and the optimized geometries in vacuum and in 

water are displayed in Figure 94 and 95. The energy parameters are summarized in Table 16. 

Compared to the structures in Figure 92 (a) and (b) (intial structures from PM3), after DFT 

optimization, initial Model A structure obtained by PM6 had a stronger H-bonding and the 

internal H-bonding system were kept intact. This can potentially explain why structures in 

Figure 94 (a) and (b) came up with much lower heat of formation and complexation energies 

than those obtained by PM3 (Table 16). As for Model B, in Figure 92 (c) and (d) (intial 

structures from PM3) there was only one hydrogen bond and TPP tended to leave the CD cavity. 

In contrast, the initial structure from PM6 had two very strong H-bonds (distance: 1.792 and 

1.955Å) formed in the DFT optimized geometry. Similarly, structures in Figure 94 (c) and (d) 

owned a lower total energy and complexation energy than those in Figure 92 (c) and (d). Trends 

were similar for possible global minima found by PM3 and PM6 when solvent effects were 

considered. Due to the presence of water, in Figure 95 (a) P=O formed an H-bond with a 

different hydrogen atom than in Figure 94 (a). The hydrophobic benzene ring changed its 

conformation and came closer towards the CD cavity. For Model B, two hydrogen bonds 

between TPP and β-CD were still present and the benzene ring altered its geometry to increase 

the interactions with electrophilic hydrogens on CD. Based on the comparison of energy 

parameters, in both vacuum and water, Model A was more favorable in energy (total and 

complex energies) and Model B allowed a stronger interaction between the host and the guest 

due to the presence of more H-bonds. Similarly as in vacuum, initial structures prepared by 

PM6 provided IC geometries with lower complexation energies than PM3 after DFT 

optimization. 
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Table 16. Energy parameters of Model A and Model B calculated by DFT B3LYP/6-31G(d) 

method in vacuum and water. Initial structures were obtained from PM6 optimization. 

DFT B3LYP/6-

31G(d) (kcal/mol) 

Model A Model B  

 In vacuum  

EHF
a -3521912.57 -3521902.85 

Ecomplex -12.98 -3.26 

Einter -20.33 -23.27 

Econf,TPP 1.28 1.90 

Econf, β-CD 6.07 18.11 

DFT B3LYP/6-

31G(d) (kcal/mol) 

Model A Model B  

 In water  

EHF
a -3521937.65 -3521933.48 

Ecomplex -7.28 -3.11 

Einter -9.61 -14.56 

Econf,TPP 0.18 0.86 

Econf, β-CD 2.14 10.59 
a EHF is the heat of formation energy. 
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(a) (b) 

  

(c) (d) 

Figure 94. DFT B3LYP/6-31G(d) optimized structures of TPP-β-CD in vacuum (initial 

structures were obtained from PM6): (a) Model A, side view; (b) Model A, top view; (c) 

Model B, side view; (d) Model B, top view.  
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(a) (b) 

  
(c) (d) 

Figure 95. DFT B3LYP/6-31G(d) optimized structures of TPP-β-CD in water (initial 

structures were obtained from PM6): (a) Model A, side view; (b) Model A, top view; 

(c) Model B, side view; (d) Model B, top view.  

                                                     

7.3.3. Molecular Models for Complexation Process for TPP-γ-CD System 

The model for the complexaion process between TPP and γ-CD were also prepared and the 

possible global minima were found. Through the study of  the TPP-β-CD system, PM6 was 

employed to do the preliminary optimization for TPP-γ-CD complex. From the potential 

energy scan displayed in Figure 96, possible global minima for Model A and Model B were 

discovered at Z = -1.5Å, θ = 60º and  Z=-0.5Å, θ = 270º, respectively. A few key energy 

parameters are summarized in Table 17, from which it was preliminarily found that Model A 

owned a lower EHF energy (-1972.89 to -1961.53 kcal/mol), complexation energy (-129.96 to 

-118.60 kcal/mol) and interaction energy (-131.42 to -125.27 kcal/mol) than Model B. Also, 
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the deformation of two molecules were larger in Model B, since the insertion of TPP from the 

narrow wide may interfere with the internal H-bonding system. By comparing the 

complexation energy and interaction energy between TPP-β-CD and TPP-γ-CD systems 

(Table 14 and Table 17), it was noticed that TPP-γ-CD was more energetically favorable in 

both models, suggesting a stronger interaction has taken place between the host and the guest.     
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Figure 96. Complexation energies of TPP and γ-CD inclusion complexation at different 

positions (Z) for: (a) Model A and (b) Model B, using PM6 theoretical methods. 

 

Table 17. Energy parameters of Model A and Model B calculated by PM6 methods. 

(kcal/mol) Model A Model B 

 PM6  

EHF
a -1972.894168 -1961.526939 

Ecomplex -129.964168 -118.596939 

Einter -131.423534 -125.272184 

Econf,TPP 0.997235 2.01003 

Econf, β-CD 0.458278 4.661362 
a EHF is the heat of formation energy. 

Figure 97 exhibits the optimized IC geometries (for Model A and Model B) using the PM6 

method. In Figure 97 (a) and (b), one hydrogen bond was established between the double-

bounded oxygen in TPP and a hydroxyl group in CD (d = 1.857Å). Besides the internal 
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hydrogen bonding system from both sides kept intact. As for (c) and (d), three of the four 

oxygens in TPP formed H-bonds with γ-CD and each oxygen took part in two H-bonds (a total 

of six). At the same time, the internal CD H-bonding system formed by the primary hydroxyl 

groups were still present. These newly existing connections demonstrated a very strong 

interaction between TPP and γ-CD, and stable IC geometries were formed. 

  
(a) (b) 

  
(c) (d) 

Figure 97. PM6 optimized structures of TPP-γ-CD: (a) Model A, side view; (b) Model A, 

top view; (c) Model B, side view; (d) Model B, top view. 

 

7.3.4. DFT Calculations for TPP-γ-CD System 

The two TPP-γ-CD-ICs (Model A and Model B) that were initially optimized by PM6 method 

were further optimized using DFT in Gaussian software at the B3LYP/6-31G(d) level. In 

vacuum, after DFT calculations, Model A owned a hydrogen bond with d = 1.857Å (Figure 
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98). This provided the same parameter as the preliminary optimization using PM6 method, 

which again indicated the good initial structures prepared by PM6. For Model B, TPP tended 

to interact more closely with γ-CD and eventually formed two strong H-bonds (d = 1.812 and 

1.967Å). Although the internal H-bonding system was partly disrupted, the newly form H-

bonds were stronger than any in the initial optimization. From the summarized energy 

information (Table 18), in vacuum Model B had the optimal energy in complexation and 

interaction rather than Model A. This might attribute to the larger numbers of H-bonds formed 

and only little deformation in CD geometry and internal hydrogen bonding distribution in 

Model B.  
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(a) (b) 

  
(c) (d) 

Figure 98. DFT B3LYP/6-31G(d) optimized structures of TPP-γ-CD (initial structures 

were obtained from PM6): (a) Model A, side view; (b) Model A, top view; (c) Model B, 

side view; (d) Model B, top view. 

 

Solvent (water) effects were also considered and the optimized geometries of Model A and 

Model B are illustrated in Figure 99. The number of H-bonds remained the same (one for 

Model A and two for Model B) compared to those in vacuum. For Model A, it was found that 

in either vacuum or water, a strong hydrogen bond was formed. Specifically in water, the 

benzene rings that located outside the CD cavity approached closer to the ring edge, which 

might due to the attractions of the highly electron dense phenyl rings and secondary hydroxyl 

groups on CD. Also it was because in water the lipophilic phenyl rings were more likely to 

enter the apolar CD cavity. In Model B, due to the strong interactions between TPP and γ-CD, 
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the narrow edge was able to form the internal linkages that were not present before DFT 

optimization. And compared to Model B in vacuum, it recovered the internal H-bonding more 

highly. Stronger interactions between TPP and β-CD and the ability of retaining the internal 

hydroxyl group linkages in the narrow side could possibly explain why Model B owned a lower 

complexation energy and interaction energy than Model A in both vacuum and in water. 

  
(a) (b) 

  
(c) (d) 

Figure 99. DFT B3LYP/6-31G(d) optimized structures of TPP-γ-CD in water (initial 

structures were obtained from PM6): (a) Model A, side view; (b) Model A, top view; (c) 

Model B, side view; (d) Model B, top view. 
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Table 18. Energy parameters of Model A and Model B calculated by DFT B3LYP/6-31G(d) 

method in vacuum and water. Initial structures were obtained from PM6 optimization. 

 

DFT B3LYP/6-

31G(d) (kcal/mol) 

Model A Model B  

 In vacuum  

EHF
a -3905151.30 -3905156.28 

Ecomplex -13.25 -18.23 

Einter -19.28 -28.39 

Econf,TPP 0.74 2.75 

Econf, β-CD 5.29 7.41 

DFT B3LYP/6-

31G(d) (kcal/mol) 

Model A  Model B  

 In water  

EHF
a -3905176.58 -3905183.32 

Ecomplex -5.99 -12.73 

Einter -14.06 -15.40 

Econf,TPP 1.32 1.48 

Econf, β-CD 6.76 1.19 
a EHF is the heat of formation energy. 

 

7.4. Conclusions 

In general, PM6 is superior to PM3 in optimizing the geometry of soluble 1:1 TPP-CD-ICs 

due to its ability to retain the internal hydrogen bonding system of CD and to enable more 

interactions between TPP and β-CD while geometry optimizaion. The advantages of PM6 

reflected on the optimized IC geometry (less distortion and stronger or more H-bonds formed) 

and the some key energy parameters (higher absolute values of complexation energy and 

interaction energy). Initial structures prepared by PM3 and PM6 for TPP-βCD system were 

further optimized by DFT at a B3LYP/6-31G(d) level. Again results proved that PM6 was a 

more refined approach since it provided structures with much lower complexation and 

interaction energies than PM3. For TPP-βCD system, in both vaccum and water Model A was 

in favor of complexation energy while Model B enabled a stronger interaction between the two 
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molecules. As for TPP-γ-CD system, possible global minima were found by PM6 theoretical 

method. From the analysis of DFT optimized geometries and energy parameters, Model B 

exhibited lower complexation and interaction energies in both vacuum and water, thus 

provided a more energetically favorable IC geometry when TPP was included by γ-CD from 

the narrow side.     
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CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

8.1. Conclusions 

In our study, a widely used phosphorus flame retardant (PFR) – triphenyl phosphate (TPP) was 

proved to form both soluble and solid inclusion complexes with β-cyclodextrin (β-CD) and               

γ-cyclodextrin (γ-CD). The complexing capability of TPP and α-cyclodextrin (α-CD) was also 

investigated. However potentially due to a size mismatch, the formation of either a soluble or 

solid TPP-α-CD-IC did not succeed. The successful synthesis of the new FR-CD-IC systems 

has been verified by a series of popular characterization techniques, including Fourier 

transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), differential 

scanning calorimetry (DSC), nuclear magnetic resonance (NMR) and wide-angle X-ray 

diffraction (WAXD). By analyzing these results, the formation of FR-CD-ICs gives the guest 

FR enhanced thermal stability (the absence of TPP degradation in the IC TGA thermogram), 

which is crucial to reduce unwanted exposure from a volatile FR such as TPP.  

In addition, the sensitive and accurate mass spectrometry (mass spec) characterization method 

was employed to study the soluble inclusion complexes. Specifically ESI-Q-TOF mass 

analyzer technologies were employed, and the combination of this ion source with tandem 

mass spec enables a fast data acquisition rate, stable resolution across m/z range, relatively 

high resolution and mass accuracy, and clean MS/MS spectra. Featured peaks indicating the 

TPP-β-CD-IC (m/z = 753, [TPP+β-CD]2+) and TPP-γ-CD-IC (m/z = 834, [TPP+γ-CD]2+) were 

detected from the solution IC spectra, and were further confirmed by using collision induced 

dissociation (CID), where those peaks were fragmented to TPP (m/z = 349, [TPP+Na]+) and 

CD (m/z = 1157, [β-CD+Na]+ or m/z = 1319, [γ-CD+Na]+). Similar to the previous 
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characterization methods, the IC and physical mixture (PM) spectra were most different and 

the featured ions were absent in the spectra of PMs. 

Furthermore, molecular modeling (quantum chemistry calculations) was used to investigate 

the complexation process of TPP and CDs in solution. A coordination system was established 

with the glycosidic oxygens (from CD) plane in the X-Y plane and their center as the origin. 

While CD was fixed, TPP was moved stepwise and with rotation with respect to the CD 

cavities to model the complexation process. At each step, the geometry was fully optimized 

using PM3 and PM6 methods without restrictions. Model A and Model B represented the FR 

entering the cavity from either the wide side or the narrow side of the CDs, respectively. In 

this way, global minima can be identified and these chosen structures were sent to Gaussian 

packages for density function theory (DFT) optimization. The DFT calculations were 

performed in both vacuum and water to study the interactions between FR and CD and relevant 

key energy parameters. Results indicated that PM6 provided superior TPP-CD-IC structures 

compared with PM3. This was reflected in the fact that PM6 enabled more interactions (for 

example, H-bonding) between the host and guest than PM3 and did not tend to break the 

internal H-bonding system in the CD rings. DFT is a more accurate and delicate method and 

results suggested that initial structures prepared by PM6 were more favorable in H-bonding 

profiles and key energy parameters. For the TPP-β-CD-IC system in vacuum and water, Model 

A had a lower total and complexation energy, while a stronger interaction between them was 

present in Model B. In the TPP-γ-CD-IC system, Model B was preferred over Model A in both 

vacuum and water. This was potentially attributed to more H-bonds formed between TPP and 

γ-CD in Model B and its ability to also retain the majority of the internal linkages among 

primary hydroxyl groups. 
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The ability of the formed FR-CD-ICs to be incorporated into a synthetic material has been 

tested. Polyethylene terephthalate (PET) was chosen as the substrate and a melt-processing 

technique was applied. The TPP-CD-ICs exhibited superior flame retardancy performance that 

was comparable to neat TPP. In fact, although the IC and neat FR were added in the same 

amount, the effective constituent, TPP, in its IC form was only roughly 15% of the neat FR. 

Consequently, in the form of its CD-IC, substantially less FR was required. This observation 

suggests that much less FR can be applied to synthetic materials if delivered in the form of 

their inclusion complexes. Thus, while retaining the flame retarding properties of the FRs, the 

formation of FR-CD-ICs is expected to eliminate unnecessary loss of FRs, especially volatile 

FR compounds, and release them only during a fire when they are actually needed. 

 

8.2. Recommendations for Future Work 

(1). Identifying additional flame retardants that can form inclusion complexes with 

cyclodextrins. Would be worthwhile. FRs of interest include other Firemaster 550® 

components and a series of brominated flame retardants (BFRs), such as PBDEs, which have 

been banned from use and included in the list of Persistent Organic Pollutants. In recent years, 

several “new” BFRs came to the market as replacements of conventional FRs. These BFRs, 

including tetrabromophthalic anhydride, 2,4,6-tribromophenol and 2,3,4,5,6-

pentabromoethylbeneze, were either only recently synthesized or became widely applied. 

However, due to their similar physical-chemical properties, these “new” BFRs have also been 

continually detected in the environment and are likely to have similar environmental fates as 

the previously restricted FRs (238). Attempts to form CD-ICs with these “new” BFRs should 

be made as well. 
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(2). Tests should be performed to learn if FR-ICs can be incorporated into natural materials. 

TPP-CD-IC has been successfully applied to a synthetic substrate – PET by a hot-press 

technique. Flame tests demonstrated superior flame retardancy performance, suggesting the 

feasibility of applying FR-CD-IC to manmade polymers. An attempt will be made to 

incorporate the FR-CD-IC system into natural materials such as cotton, silk and wool.  

(3). Use quantum chemistry to investigate complexations other than a FR/CD ratio of 1:1. 

Depending on the size of the CD with respect to FR, a stoichiometry ratio of FR/CD that is 

different from 1:1 may occur. Also, according to NMR results of solid TPP-CD-ICs, a TPP:CD 

= 1:2 solid inclusion complex is formed. By following a similar systematic approach, the global 

minimum energy structure of the 1:2 IC might be found. The selected structures can be further 

optimized by DFT to study the interactions and energy parameters in detail. 

(4). Molecular dynamics simulations to predict impact of FR-CD-ICs on material properties. 

MD simulations will be conducted on systems that just contain pure substrate, pure substrate 

+ FR, pure substrate + CD, and then pure substrate + FR-CD-IC. The most promising systems 

will be chosen based on the quantum chemistry calculations and the experiments. The MD 

simulation trajectories will be analyzed for structural and dynamical features that may impact 

material properties. In addition, either ab initio MD simulations or mixed QM/MM approaches 

may be used to elucidate the role that CD has on the degradation mechanisms, particularly as 

a function of the substrate type and the presence of oxygen and/or water. 

(5). Toxicity studies on FR-CD-ICs. 

TPP as well as several other FRs are considered as potential endocrine disruptors. Exposure to 

these FR chemicals may also induce obesity, osteoporosis and fertility issues. Consequently, 
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it seems necessary to do in-vitro or in-vivo tests to study the toxicological profiles of the solid           

FR-CD-IC systems.    

 

 

 

 

 

 

 

 

 

 

 



 

197 

 

REFERENCES 

1. Flame Retardants-Frequently Asked Questions [Internet]. Brussels: The European Flame Retardants 

Association; 2007. Available from: http://www.flameretardants-

online.com/images/userdata/pdf/168_DE.pdf. 

2. Birnbaum LS, Staskal DF. Brominated Flame Retardants: Cause for Concern? Environ Health Perspect. 

2004 Jan.;112(1):9-17. 

3. UNEP. Stockholm convention on persistent organic pollutants. Nairobi, Kenya: United Nations 

Environmental Programme; 2001. 

4. EPA. Furniture flame retardancy partnership: environmental profiles of chemical flame retardant 

alternatives. EPA; 2005. Report No.: EPA 742-R-05-002A. 

5. Stapleton HM, Allen JG, Kelly SM, Konstantinov A, Klosterhaus S, Watkins D, et al. Alternate and new 

brominated flame retardants detected in US house dust. Environ Sci Technol. 2008 SEP 15;42(18):6910-6. 

6. Stapleton HM, Klosterhaus S, Keller A, Ferguson PL, van Bergen S, Cooper E, et al. Identification of 

Flame Retardants in Polyurethane Foam Collected from Baby Products. Environ Sci Technol. 2011 JUN 

15;45(12):5323-31. 

7. Ma Y, Venier M, Hites RA. 2-Ethylhexyl Tetrabromobenzoate and Bis(2-ethylhexyl) Tetrabromophthalate 

Flame Retardants in the Great Lakes Atmosphere. Environ Sci Technol. 2012 JAN 3;46(1):204-8. 

8. Lam JCW, Lau RKF, Murphy MB, Lam PKS. Temporal Trends of Hexabromocyclododecanes (HBCDs) 

and Polybrominated Diphenyl Ethers (PBDEs) and Detection of Two Novel Flame Retardants in Marine 

Mammals from Hong Kong, South China. Environ Sci Technol. 2009 SEP 15;43(18):6944-9. 

9. - Metabolites of Organophosphate Flame Retardants and 2-Ethylhexyl Tetrabromobenzoate in Urine from 

Paired Mothers and Toddlers. - Environ Sci Technol. (- 17):- 10432. 

10. Bearr JS, Stapleton HM, Mitchelmore CL. Accumulation and Dna Damage in Fathead Minnows 

(Pimephales Promelas) Exposed to 2 Brominated Flame-Retardant Mixtures, Firemaster (R) 550 and 

Firemaster (R) Bz-54. Environmental Toxicology and Chemistry. 2010 MAR 10;29(3):722-9. 

11. Patisaul HB, Roberts SC, Mabrey N, McCaffrey KA, Gear RB, Braun J, et al. Accumulation and 

Endocrine Disrupting Effects of the Flame Retardant Mixture Firemaster (R) 550 in Rats: An Exploratory 

Assessment. J Biochem Mol Toxicol. 2013 FEB;27(2):124-36. 

12. McGee SP, Konstantinov A, Stapleton HM, Volz DC. Aryl Phosphate Esters Within a Major PentaBDE 

Replacement Product Induce Cardiotoxicity in Developing Zebrafish Embryos: Potential Role of the Aryl 

Hydrocarbon Receptor. Toxicological Sciences. 2013 MAY 2013;133(1):144-56. 

13. Bailey J, Oliveri A, Stapleton H, Levin E. Behavioral effects of short-term exposure to Firemaster 550. 

Neurotoxicol Teratol. 2013 0;37(0):86. 

14. Klosterhaus, S., Konstantinov, A., Davis, E., Klein, J., and Stapleton, H. Characterization of 

organophosphorus chemicals in a PentaBDE replacement mixture and their detection in biosolids. 1th 

Annual Workshop on Brominated Flame Retardants; Ottawa, Ontario, Canada. San Francisco, CA.: San 

Francisco Estuary Institute; 2009. 



 

198 

 

15. Stapleton HM, Klosterhaus S, Eagle S, Fuh J, Meeker JD, Blum A, et al. Detection of Organophosphate 

Flame Retardants in Furniture Foam and US House Dust. Environ Sci Technol. 2009 OCT 1;43(19):7490-

5. 

16. Belcher SM, Cookman CJ, Patisaul HB, Stapleton HM. In vitro assessment of human nuclear hormone 

receptor activity and cytotoxicity of the flame retardant mixture FM 550 and its triarylphosphate and 

brominated components. Toxicol Lett. 2014 7/15;228(2):93-102. 

17. Roberts SC, Macaulay LJ, Stapleton HM. In Vitro Metabolism of the Brominated Flame Retardants 2-

Ethylhexyl-2,3,4,5-Tetrabromobenzoate (TBB) and Bis(2-ethylhexyl) 2,3,4,5-Tetrabromophthalate (TBPH) 

in Human and Rat Tissues. Chem Res Toxicol. 2012 JUL;25(7):1435-41. 

18. Pillai HK, Fang M, Beglov D, Kozakov D, Vajda S, Stapleton HM, et al. Ligand Binding and Activation 

of PPAR gamma by Firemaster (R) 550: Effects on Adipogenesis and Osteogenesis in Vitro. Environ Health 

Perspect. 2014 NOV;122(11):1225-32. 

19. Prasad H, Ryan DA, Celzo MF, Stapleton D. Metabolic Syndrome: Definition and Therapeutic 

Implications. Postgrad Med. 2012 JAN;124(1):21-30. 

20. Butt CM, Congleton J, Hoffman K, Fang M, Stapleton HM. Metabolites of Organophosphate Flame 

Retardants and 2-Ethylhexyl Tetrabromobenzoate in Urine from Paired Mothers and Toddlers. Environ Sci 

Technol. 2014 SEP 2 2014;48(17):10432-8. 

21. Stapleton HM, Sharma S, Getzinger G, Ferguson PL, Gabriel M, Webster TF, et al. Novel and High 

Volume Use Flame Retardants in US Couches Reflective of the 2005 PentaBDE Phase Out. Environ Sci 

Technol. 2012 DEC 18;46(24):13432-9. 

22. Levin ED, Cauley M, Johnson JE, Cooper EM, Stapleton HM, Ferguson PL, et al. Prenatal 

dexamethasone augments the neurobehavioral teratology of chlorpyrifos: Significance for maternal stress 

and preterm labor. Neurotoxicol Teratol. 2014 0;41(0):35-42. 

23. Bearr JS, Mitchelmore CL, Roberts SC, Stapleton HM. Species specific differences in the in vitro 

metabolism of the flame retardant mixture, Firemaster (R) BZ-54. Aquatic Toxicology. 2012 NOV 15 

2012;124:41-7. 

24. Hoffman K, Daniels JL, Stapleton HM. Urinary metabolites of organophosphate flame retardants and 

their variability in pregnant women. Environ Int. 2014 FEB;63:169-72. 

25. Meeker JD, Cooper EM, Stapleton HM, Hauser R. Urinary Metabolites of Organophosphate Flame 

Retardants: Temporal Variability and Correlations with House Dust Concentrations. Environ Health Perspect. 

2013 MAY;121(5):580-5. 

26. Huang L, Gerber M, Lu J, Tonelli AE. Formation of a flame retardant-cyclodextrin inclusion compound 

and its application as a flame retardant for poly(ethylene terephthalate). Polym Degrad Stab. 

2001;71(2):279-84. 

27. Del Valle E. Cyclodextrins and their uses: a review. Process Biochemistry. 2004 MAY 31;39(9):1033-

46. 

28. Schindler W, Hauser P. Flame-retardant finishes. In: Chemical Finishing of Textiles. Boca Raton: 

Woodhead Publishing; 2004. p. 98-116. 



 

199 

 

29. Karter MJ, JR. Fire Loss in the United States During 2013. NFPA Journal. 2014 Sep/Oct 2014;108(5):64-

9. 

30. The Flame Retardants Market [Internet].: Townsend Solutions Estimate; 2011 []. Available from: 

http://www.flameretardants-online.com/web/en/106/7ae3d32234954e28e661e506e284da7f.htm#artid312. 

31. Specialty Chemicals Update Program. Flame Retardants. Information Handling Services; 2014. 

32. Wakelyn P. Environmentally Friendly Flame Resistant Textiles. In: Horrocks AR, Price D, editors. 

Advances in Fire Retardant Materials. Boca Raton, FL, USA: Woodhead Publishing; 2008. p. 188-212. 

33. Price D, Anthony G, Carty P. Introduction: polymer combustion, condensedphase pyrolysis and smoke 

formation. In: Horrocks AR, Price D, editors. Fire Retardant Materials. Woodhead Publishing; 2001. p. 1-

30. 

34. Zaikov G, Lomakin S. Ecological issue of polymer flame retardancy. J Appl Polym Sci. 2002 DEC 

5;86(10):2449-62. 

35. Lyons J, editor. The Chemistry and Uses of Fire Retardants. New York: Wiley-Interscience; 1970. 

36. Basch A, Lewin M. Low add-on levels of chemicals on cotton and fame retardancy. Textile Res J. 

1973;43:693-4. 

37. Lide D, editor. Handbook of Chemistry and Physics. 73rd ed. ; 1993. 

38. Kashiwagi T. Polymer combustion and fammability – role of the condensed phase. Proc. 25th 

Symposium on Combustion; Pittsburgh, PA. ; 1994. 

39. Levchik S, Wilkie C. Char formation. In: Grand A, Wilkie C, editors. Fire retardancy of polymeric 

materials. New York: Marcel Dekker Inc; 2000. p. 171-216. 

40. Gibov KM, Shapovalova LN, Zhubanov BA. Movement of destruction products through the carbonized 

layer upon combustion of polymers. Fire Mater. 1986;10(3-4):133-5. 

41. Minkoff G, Tipper C, editors. Chemistry of Combustion Reactions. London: Butterworth; 1962. 

42. Petrella R. Factors affecing the conbustion of polystyrene and styrene. In: Lewin M, Atlas S, Pearce E, 

editors. Flame Retardant Polymeric Materials. New York: Plenum Press; 1978. p. 159-201. 

43. Lewin M, Sello S, editors. Handbook of Fiber Science and Technology Volume II: Chemical Processing 

of Fibers and Fabrics: Functional Finishes, Part B. New York: ; 1984. 

44. Lewin M, Basch A, Shaffer B. Studies on the Pyrolysis of Polymer Blends - Pyrolysis of Cellulose-Wool 

Blends. Cellulose Chemistry and Technology. 1990 MAY-JUN 1990;24(3):417-24. 

45. Endo M, Lewin M. Flame Retardancy of polypropylene by phosphorus-based additives. In: Lewin M, 

editor. Advances in Flame Retardancy of Polymeric Materials. Norwalk, USA: Business Communications; 

1993. p. 171. 



 

200 

 

46. Hastie JW. Molecular-Basis of Flame Inhibition. Journal of Research of the National Bureau of Standards 

Section A-Physics and Chemistry. 1973 1973;A 77(6):733-54. 

47. Pitts J, Scott P, Powell D. Thermal decomposition of antimony oxychloride and mode in flame retardancy. 

J Cell Plast. 1970;6(1):35-7. 

48. Basch A, Lewin M. Infuence of fne structure on the pyrolysis of cellulose.I. vacuum pyrolysis. J Polym 

Sci Polym Chem Ed. 1973;11:3071. 

49. Lewin M, Basch A. Fire retardancy (cellulose). Encyclopedia of Polym Sci and Technol Supplement 2. 

1977:340-62. 

50. Horrocks AR, Davies PJ, Kandola BK, Alderson A. The potential for volatile phosphorus-containing 

flame retardants in textile back-coatings. J Fire Sci. 2007 NOV 2007;25(6):523-40. 

51. Pakalin, S., Cole, T., Steinkellner, J., Nicolas, R., Tissier, C., Munn, S., Eisenreich, S.,. Review on 

Production Processes of Decabromodiphenyl Ether (decaBDE) used in Polymeric Applications in Electrical 

and Electronic Equipment, and Assessment of the Availability of Potential Alternatives to decaBDE. 

European Report. Brussel, Belgium.: 2007. Report No.: EUR 22693 EN. 

52. Fisk P, Girling A, Wildey R. Prioritisation of Flame Retardants for Environmental Risk Assessment. 

United Kingdom: 2003. 

53. van Esch G. Flame Retardants: A General Introduction. Geneva: World Health Organization; 1997. 

54. Akutsu K, Kitagawa M, Nakazawa H, Makino T, Iwazaki K, Oda H, et al. Time-trend (1973-2000) of 

polybrominated diphenyl ethers in Japanese mother's milk. Chemosphere. 2003 NOV;53(6):645-54. 

55. BLUMSTEI.A. Polymerization of Adsorbed Monolayers .2. Thermal Degradation of Inserted Polymer. 

Journal of Polymer Science Part A-General Papers. 1965;3(7PA):2665. 

56. Alexandre M, Dubois P. Polymer-layered silicate nanocomposites: preparation, properties and uses of a 

new class of materials. Materials Science and Engineering: R: Reports. 2000 6/15;28(1–2):1-63. 

57. Lepoittevin B, Devalckenaere M, Pantoustier N, Alexandre M, Kubies D, Calberg C, et al. Poly(epsilon-

caprolactone)/clay nanocomposites prepared by melt intercalation: mechanical, thermal and rheological 

properties. Polymer. 2002 JUN;43(14):4017-23. 

58. Li C, Yang G, Wang Z. Formation of nanostructured TiO2 by flame spraying with liquid feedstock. Mater 

Lett. 2003 APR;57(13-14):2130-4. 

59. Ye C, Meng G, Zhang L, Wang G, Wang Y. A facile vapor-solid synthetic route to Sb2O3 fibrils and 

tubules. Chemical Physics Letters. 2002 SEP 2;363(1-2):34-8. 

60. Kashiwagi T, Harris Jr RH, Zhang X, Briber RM, Cipriano BH, Raghavan SR, et al. Flame retardant 

mechanism of polyamide 6–clay nanocomposites. Polymer. 2004 2;45(3):881-91. 

61. Zanetti M, Camino G, Mulhaupt R. Combustion behaviour of EVA/fluorohectorite nanocomposites. 

Polym Degrad Stab. 2001;74(3):413-7. 



 

201 

 

62. Zhu J, Uhl FM, Morgan AB, Wilkie CA. Studies on the Mechanism by Which the Formation of 

Nanocomposites Enhances Thermal Stabilityâ€ . Chem Mater. 2001 12/01; 2015/02;13(12):4649-54. 

63. Bourbigot S, Le Bras M, Duquesne S, Rochery M. Recent advances for intumescent polymers. Macromol 

Mater Eng. 2004 JUN 25;289(6):499-511. 

64. Bourbigot S, Bras ML, Delobel R. Carbonization mechanisms resulting from intumescence association 

with the ammonium polyphosphate-pentaerythritol fire retardant system. Carbon. 1993;31(8):1219-30. 

65. Riva A, Camino G, Fomperie L, Amigouët P. Fire retardant mechanism in intumescent ethylene vinyl 

acetate compositions. Polym Degrad Stab. 2003;82(2):341-6. 

66. Feng J, Su S, Zhu J. An intumescent flame retardant system using beta-cyclodextrin as a carbon source 

in polylactic acid (PLA). Polym Adv Technol. 2011 JUL;22(7):1115-22. 

67. Alaee M, Arias P, Sjodin A, Bergman A. An overview of commercially used brominated flame retardants, 

their applications, their use patterns in different countries/regions and possible modes of release. Environ 

Int. 2003 SEP 2003;29(6):683-9. 

68. Polybrominated biphenyls (PBBs) [Internet].: Agency for Toxic Substance and Disease Registry; 2004 

[]. Available from: http://www.atsdr.cdc.gov/toxfaqs/tfacts68.pdf. 

69. Polybrominated Diphenyl Ethers (PBDEs) Action Plan Summary [Internet].: Office of Pollution 

Prevention and Toxics; 2015 []. Available from: http://www.epa.gov/oppt/pbde/. 

70. Pijnenburg A, Evert J, de Boer J, Boon J. Polybrominated biphenyl and biphenyl ether flame retardants: 

analysis toxicity and environmental occurrence. Rev Environ Contam Toxical. 1995;141:1-26. 

71. De Boer J, Wester P, Klamer H, Lewis W, Boon J. Do flame retardants threaten ocean life? Nature. 

1998;394:28-9. 

72. Allchin C, Law R, Morris S. Polybrominated diphenyl ethers in sediments and biota downstream of 

potential sources in the UK. Environ Pollut. 1999;105:197-207. 

73. Haglund P, Zoor D, Buser H, Hu H. Identification and quantification of polybrominated diphenyl ethers 

and methoxy-polybrominated diphenyl ethers in the Baltic Sea. Environ Sci Technol. 1997;31:3281-7. 

74. Watanabe I, Kashimoto T, Tatsukawa R. Polybrominated diphenyl ethers in marine fish, shellfish and 

river sediments in Japan. Chemosphere. 1987;16:2389-96. 

75. Darnerud PO. Brominated flame retardants as possible endocrine disrupters. Int J Androl. 2008 

APR;31(2):152-60. 

76. Ding L, Murphy MB, He Y, Xu Y, Yeung LWY, Wang J, et al. Effects of brominated flame retardants 

and brominated dioxins on steroidogenesis in H295R human adrenocortical carcinoma cell line. 

Environmental Toxicology and Chemistry. 2007 APR 2007;26(4):764-72. 

77. Main KM, Kiviranta H, Virtanen HE, Sundqvist E, Tuomisto JT, Tuomisto J, et al. Flame Retardants in 

Placenta and Breast Milk and Cryptorchidism in Newborn Boys. Environ Health Perspect. 2007 OCT 

2007;115(10):1519-26. 



 

202 

 

78. Carson R. Silent Spring. Houghton Mifflin; 2002. 

79. INTERNATIONAL PROGRAMME ON CHEMICAL SAFETY. Polybrominated Biphenyls. Geneva: 

World Health Organization; 1994. 

80. Muir DCG, Howard PH. Are There Other Persistent Organic Pollutants? A Challenge for Environmental 

Chemistsâ€ . Environ Sci Technol. 2006 12/01; 2015/02;40(23):7157-66. 

81. Flame Retardants in Furniture [Internet].: Green Science Policy Institute []. Available from: 

http://greensciencepolicy.org/topics/furniture/. 

82. Hawthorne M, Roe S, Callahan P. California plan could affect toxic flame retardants in products across 

U.S. Chicago Tribune. 2013. 

83. Stapleton HM, Sharma S, Getzinger G, Ferguson PL, Gabriel M, Webster TF, et al. Novel and High 

Volume Use Flame Retardants in US Couches Reflective of the 2005 PentaBDE Phase Out. Environ Sci 

Technol. 2012 DEC 18;46(24):13432-9. 

84. Great Lakes. Product Stewardship Summary--Firemaster® 550. Great Lakes Solutions; 2013. 

85. Stapleton HM, Klosterhaus S, Eagle S, Fuh J, Meeker JD, Blum A, et al. Detection of Organophosphate 

Flame Retardants in Furniture Foam and US House Dust. Environ Sci Technol. 2009 OCT 1;43(19):7490-

5. 

86. BARRON M, ALBRO P, HAYTON W. Biotransformation of Di(2-Ethylhexyl)phthalate by Rainbow-

Trout. Environmental Toxicology and Chemistry. 1995 MAY;14(5):873-6. 

87. Kavlock R, Boekelheide K, Chapin R, Cunningham M, Faustman E, Foster P, et al. NTP Center for the 

Evaluation of Risks to Human Reproduction: phthalates expert panel report on the reproductive and 

developmental toxicity of di(2-ethylhexyl) phthalate. Reproductive Toxicology. 2002 SEP-OCT;16(5):529-

653. 

88. Roberts SC, Noyes PD, Gallagher EP, Stapleton HM. Species-Specific Differences and Structure-

Activity Relationships in the Debromination of PBDE Congeners in Three Fish Species. Environ Sci 

Technol. 2011 MAR 1;45(5):1999-2005. 

89. Graves TL, Zhang Y, Scott JE. A universal competitive fluorescence polarization activity assay for S-

adenosylmethionine utilizing methyltransferases. Anal Biochem. 2008 FEB 15;373(2):296-306. 

90. Chen F, D'Auria J, Tholl D, Ross J, Gershenzon J, Noel J, et al. An Arabidopsis thaliana gene for 

methylsalicylate biosynthesis, identified by a biochemical genomics approach, has a role in defense. Plant 

J. 2003 DEC;36(5):577-88. 

91. Vazzana N, Santilli F, Sestili S, Cuccurullo C, Davi G. Determinants of Increased Cardiovascular Disease 

in Obesity and Metabolic Syndrome. Curr Med Chem. 2011 DEC;18(34):5267-80. 

92. Bradman A, Castorina R, Gaspar F, Nishioka M, Colón M, Weathers W, et al. Flame retardant exposures 

in California early childhood education environments. Chemosphere. 2014 12;116(0):61-6. 



 

203 

 

93. Dodson RE, Perovich LJ, Covaci A, Van den Eede N, Ionas AC, Dirtu AC, et al. After the PBDE Phase-

Out: A Broad Suite of Flame Retardants in Repeat House Dust Samples from California. Environ Sci Technol. 

2012 DEC 18;46(24):13056-66. 

94. Gruen F, Blumberg B. Minireview: The Case for Obesogens. Mol Endocrinol. 2009 AUG;23(8):1127-

34. 

95. Smith BS. Male Characteristics on Female Mud Snails Nassarius-Obsoletus Caused by Anti Fouling 

Bottom Paints. Journal of Applied Toxicology. 1981;1(1):22-5. 

96. Golub MS, Doherty JD. Triphenyltin as a potential human endocrine disruptor. Journal of Toxicology 

and Environmental Health-Part B-Critical Reviews. 2004 2004;7(4):281-95. 

97. Honkakoski P, Palvimo J, Penttila L, Vepsalainen J, Auriola S. Effects of triaryl phosphate's on mouse 

and human nuclear receptors. Biochem Pharmacol. 2004 JAN 1;67(1):97-106. 

98. Kojima H, Takeuchi S, Itoh T, Iida M, Kobayashi S, Yoshida T. In vitro endocrine disruption potential 

of organophosphate flame retardants via human nuclear receptors. Toxicology. 2013 2013 Dec 6 (Epub 2013 

Sep 17);314(1):76-83. 

99. Stapleton HM, Allen JG, Kelly SM, Konstantinov A, Klosterhaus S, Watkins D, et al. Alternate and new 

brominated flame retardants detected in US house dust. Environ Sci Technol. 2008 SEP 15 

2008;42(18):6910-6. 

100. Suzuki G, Nguyen Minh Tue, Malarvannan G, Sudaryanto A, Takahashi S, Tanabe S, et al. Similarities 

in the Endocrine-Disrupting Potencies of Indoor Dust and Flame Retardants by Using Human Osteosarcoma 

(U2OS) Cell-Based Reporter Gene Assays. Environ Sci Technol. 2013 MAR 19;47(6):2898-908. 

101. Hoffman K, Daniels JL, Stapleton HM. Urinary metabolites of organophosphate flame retardants and 

their variability in pregnant women. Environ Int. 2014 2;63(0):169-72. 

102. Saunders DMV, Podaima M, Codling G, Giesy JP, Wiseman S. A mixture of the novel brominated flame 

retardants TBPH and TBB affects fecundity and transcript profiles of the HPGL-axis in Japanese medaka. 

Aquatic Toxicology. 2015 JAN;158:14-21. 

103. Villiers A. Sur la fermentation de la fécule par l’action du ferment butyrique. C R Acad Sci. 

1891;112:536-8. 

104. Schardinger F. Uber die Zulässigkeit des Warmhaltens von zum Gebuß bestimmten Nahrungsmittel 

mittelst Wärme speichernder Apparate, sog. Thermophore Wien Klin Wochenschr. 1903a:468-74. 

105. Schardinger F. Über Thermophile Bakterien aus verschiedenen Speisen und Milch, sowie über einige 

Umsetzungsprodukte derselben in kohlenhydrathaltigen Nährlösungen, darunter krystallisierte 

Polysaccharide (Dextrine) aus Stärke. Z Untersuch Nahr Genussm. 1903b:865-80. 

106. Schardinger F. Bildung kristallisierter Polysaccharide (Dextrine) aus Stärkekleister durch Microben. 

Zentralbl. Bakteriol. Parasitenk Abt. 1911;II(29):188-97. 

107. Szejtli J. Introduction and General Overview of Cyclodextrin Chemistry. Chem Rev. 1998;98(5):1743-

54. 



 

204 

 

108. Loftsson T, Duchêne D. Cyclodextrins and their pharmaceutical applications. Int J Pharm. 2007 

2/1;329(1–2):1-11. 

109. Freudenberg K, Jacobi R. Ãœber Schardingers Dextrine aus StÃ¤rke. Justus Liebigs Ann Chem. 

1935;518(1):102-8. 

110. Freudenberg K, Meyer-Delius M. Ãœber die Schardinger - Dextrine aus StÃ¤rke. Berichte der 

deutschen chemischen Gesellschaft (A and B Series). 1938;71(8):1596-600. 

111. Freudenberg, K. & Cramer, F. Notizen: Die Konstitution der Schardinger-Dextrine α, β und γ. 

Zeitschrift für Naturforschung B. 1948:464-6. 

112. Freudenberg K, Cramer F, Plieningen H, inventors; Knoll AG CF, assignee. Verfahren zur Herstellung 

von Einschlussverbindungen Physiologisch Wirksamer Organischer Verbindungen. patent German Patent 

895.769. 1953 . 

113. Higuchi T CK. Phase-solubility techniques. Adv Anal Chem Instrum. 1965(4):117-212. 

114. Kurkov SV, Loftsson T. Cyclodextrins. Int J Pharm. 2013 8/30;453(1):167-80. 

115. Astray G, Gonzalez-Barreiro C, Mejuto JC, Rial-Otero R, Simal-Gándara J. A review on the use of 

cyclodextrins in foods. Food Hydrocoll. 2009 10;23(7):1631-40. 

116. SZEJTLI J. Downstream Processing using Cyclodextrins. Trends Biotechnol. 1989 JUL;7(7):170-4. 

117. Zhou J, Ritter H. Cyclodextrin functionalized polymers as drug delivery systems. Polymer Chemistry. 

2010 2010;1(10):1552-9. 

118. NAKAI Y, YAMAMOTO K, TERADA K, KAJIYAMA A, SASAKI I. Properties of Crystal Water of 

&alpha;-, &beta;-, and &gamma;-Cyclodextrin. Chem Pharm Bull. 1986;34(5):2178-82. 

119. Coleman A, Nicolis I, Keller N, Dalbiez J. Aggregation of cyclodextrins: An explanation of the 

abnormal solubility ofÎ²-cyclodextrin. Journal of inclusion phenomena and molecular recognition in 

chemistry. 1992;13(2):139-43. 

120. Tchoreloff P, Baszkin A, Boisonnade M-, Zhang P, Coleman AW. Direct evidence for symmetry control 

in cyclodextrin-water interactions. Supramolecular Chemistry. 1994;4(3):169-71. 

121. Szejtli J. Introduction and general overview of cyclodextrin chemistry. Chem Rev. 1998 JUL-

AUG;98(5):1743-53. 

122. Saenger W. Cyclodextrin Inclusion Compounds in Research and Industry. Angewandte Chemie 

International Edition in English. 1980;19(5):344-62. 

123. Saenger W. Nature and Size of Included Guest Molecule Determines Architecture of Crystalline 

Cyclodextrin Host Matrix. Isr J Chem. 1985;25(1):43-50. 

124. Lindner K, Saenger W. Crystal structure of the γ-cyclodextrin n-propanol inclusion complex; 

Correlation of α-, β-, γ-cyclodextrin geometries. Biochem Biophys Res Commun. 1980 2/12;92(3):933-8. 



 

205 

 

125. Saenger W, Jacob J, Gessler K, Steiner T, Hoffmann D, Sanbe H, et al. Structures of the common 

cyclodextrins and their larger analogues - Beyond the doughnut. Chem Rev. 1998 JUL-AUG;98(5):1787-

802. 

126. Schlenk W,Jr. Organische EinschluÃŸ-Verbindungen. . 1951;2/1:92-145. 

127. Liu L, Li X, Guo Q. Orientation conversion in the complexation of α-cyclodextrin with 4-fluorophenol: 

a PM3 quantum chemical study. Journal of Molecular Structure: THEOCHEM. 2000 9/18;530(1–2):31-7. 

128. Davis M, Brewster M. Cyclodextrin-based pharmaceutics: Past, present and future. Nature Reviews 

Drug Discovery. 2004 DEC;3(12):1023-35. 

129. Atwood JL, Davies JD, MacNicol DD, editors. Comprehensive Supramolecular Chemistry. Oxford: 

Pergamon; 1996. 

130. Hirayama F, Uekama K. Methods of investigating and preparing inclusion compounds. In: Duchêne D, 

editor. Cyclodextrins and their industrial uses. de Santé ed. Paris: ; 1987. p. 131-72. 

131. Loftsson T, Brewster ME. Pharmaceutical applications of cyclodextrins. 1. Drug solubilization and 

stabilization. J Pharm Sci. 1996;85(10):1017-25. 

132. Huang L., Tonelli AE. Inclusion Compounds as a Means to Fabricate Controlled Release Materials. In: 

American Chemical Society; 1999. p. 131. 

133. Huang L, Taylor H, Gerber M, Orndorff P, Horton J, Tonelli A. Formation of antibiotic, 

biodegradable/bioabsorbable polymers by processing with neomycin sulfate and its inclusion compound 

with beta-cyclodextrin. J Appl Polym Sci. 1999 OCT 24;74(4):937-47. 

134. STEZOWSKI J, JOGUN K, ECKLE E, BARTELS K. Dimeric Beta-Cyclodextrin Complexes may 

Mimic Membrane Diffusion Transport. Nature. 1978;274(5671):617-9. 

135. Uyar T, Hunt MA, Gracz HS, Tonelli AE. Crystalline Cyclodextrin Inclusion Compounds Formed with 

Aromatic Guests:â€‰ Guest-Dependent Stoichiometries and Hydration-Sensitive Crystal Structures. 

Crystal Growth & Design. 2006 05/01; 2012/09;6(5):1113-9. 

136. Uyar T, El-Shafei A, Wang X, Hacaloglu J, Tonelli AE. The solid channel structure inclusion complex 

formed between guest styrene and host gamma-cyclodextrin. Journal of Inclusion Phenomena and 

Macrocyclic Chemistry. 2006 JUN;55(1-2):109-21. 

137. Kayaci F, Uyar T. Solid Inclusion Complexes of Vanillin with Cyclodextrins: Their Formation, 

Characterization, and High-Temperature Stability. J Agric Food Chem. 2011;59(21):11772-8. 

138. Yang R, Chen J, Dai X, Huang R, Xiao C, Gao Z, et al. Inclusion complex of GA-13315 with 

cyclodextrins: Preparation, characterization, inclusion mode and properties. Carbohydr Polym. 2012 

6/5;89(1):89-97. 

139. Thakkar AL, Demarco PV. Cycloheptaamylose inclusion complexes of barbiturates: Correlation 

between proton magnetic resonance and solubility studies. J Pharm Sci. 1971;60(4):652-3. 

140. Keeler J, editor. Understanding NMR Spectroscopy. 2nd ed. Wiley; 2010. 



 

206 

 

141. Manouilidou MD, Lazarou YG, Mavridis IM, Yannakopoulou K. Staudinger ligation towards 

cyclodextrin dimers in aqueous/organic media. Synthesis, conformations and guest-encapsulation ability. 

Beilstein Journal of Organic Chemistry. 2014 APR 3;10:774-83. 

142. Shao P, Zhang J, Fang Z, Sun P. Complexing of chlorogenic acid with beta-cyclodextrins: Inclusion 

effects, antioxidative properties and potential application in grape juice. Food Hydrocoll. 2014 DEC;41:132-

9. 

143. HARADA A, OKADA M, LI J, KAMACHI M. Preparation and Characterization of Inclusion 

Complexes of Poly(propylene Glycol) with Cyclodextrins. Macromolecules. 1995 NOV 20;28(24):8406-11. 

144. Rusa C, Bullions T, Fox J, Porbeni F, Wang X, Tonelli A. Inclusion compound formation with a new 

columnar cyclodextrin host. Langmuir. 2002 DEC 10;18(25):10016-23. 

145. Dona AC, Pages G, Gilbert RG, Kuchel PW. Digestion of starch: In vivo and in vitro kinetic models 

used to characterise oligosaccharide or glucose release. Carbohydr Polym. 2010 MAY 5;80(3):599-617. 

146. Nishikawa M, Takakura Y, Hashida M. Pharmacokinetic evaluation of polymeric carriers. Adv Drug 

Deliv Rev. 1996 SEP 16 1996;21(2):135-55. 

147. Arturson G, Groth T, Grotte G. Human Glomerular Membrane Porosity and Filtration Pressure - 

Dextran Clearance Data Analysed by Theoretical Models. Clin Sci. 1971 1971;40(2):137. 

148. Mehvar R, Shepard TL. Molecular-Weight-Dependent Pharmacokinetics of Fluorescein-Labeled 

Dextrans in Rats. J Pharm Sci. 1992 SEP 1992;81(9):908-12. 

149. Mehvar R, Robinson MA, Reynolds JM. Dose-Dependency of the Kinetics of Dextrans in Rats - Effects 

of Molecular-Weight. J Pharm Sci. 1995 JUL 1995;84(7):815-8. 

150. Kaneo Y, Uemura T, Tanaka T, Kanoh S. Polysaccharides as drug carriers: Biodisposition of 

fluorescein-labeled dextrans in mice. Biol Pharm Bull. 1997 FEB 1997;20(2):181-7. 

151. Buedenbender S, Schulz GE. Structural Base for Enzymatic Cyclodextrin Hydrolysis. J Mol Biol. 2009 

JAN 16 2009;385(2):606-17. 

152. Szejtli J. The metabolism, toxicity and biological effects of cyclodextrins. In: Duchêne D, editor. 

Cyclodextrins and Their Uses. de Santé ed. Paris: ; 1987.  

153. Munro IC, Newberne PM, Young VR, Bär A. Safety assessment of γ-cyclodextrin. Regulatory 

Toxicology and Pharmacology. 2004 6;39, Supplement 1(0):3-13. 

154. Stella VJ, He Q. Cyclodextrins. Toxicologic Pathology. 2008 January 01;36(1):30-42. 

155. Irie T, Uekama K. Pharmaceutical applications of cyclodextrins. III. Toxicological issues and safety 

evaluation. J Pharm Sci. 1997;86(2):147-62. 

156. Szejtli J. Introduction and general overview of cyclodextrin chemistry. Chem Rev. 1998 JUL-

AUG;98(5):1743-53. 

157. Hedges A. Industrial applications of cyclodextrins. Chem Rev. 1998 JUL-AUG;98(5):2035-44. 



 

207 

 

158. Sojo M, Nunez-Delicado E, Garcia-Carmona F, Sanchez-Ferrer A. Cyclodextrins as activator and 

inhibitor of latent banana pulp polyphenol oxidase. J Agric Food Chem. 1999 FEB;47(2):518-23. 

159. Irie T, Uekama K. Cyclodextrins in peptide and protein delivery. Adv Drug Deliv Rev. 1999 MAR 

1;36(1):101-23. 

160. ZHAO Q, TEMSAMANI J, AGRAWAL S. Use of Cyclodextrin and its Derivatives as Carriers for 

Oligonucleotide Delivery. Antisense Res Dev. 1995 FAL;5(3):185-92. 

161. Frömming KH, Szejtli J, editors. Cyclodextrins in pharmacy. Netherlands: Springer; 1994. 

162. Rajewski R, Stella V. Pharmaceutical applications of cyclodextrins .2. In vivo drug delivery. J Pharm 

Sci. 1996 NOV;85(11):1142-69. 

163. UEKAMA K, ADACHI H, IRIE T, YANO T, SAITA M, NODA K. Improved Transdermal Delivery of 

Prostaglandin-E1 through Hairless Mouse Skin - Combined use of Carboxymethyl-Ethyl-Beta-Cyclodextrin 

and Penetration Enhancers. J Pharm Pharmacol. 1992 FEB;44(2):119-21. 

164. Kristmundsdottir T, Loftsson T, Holbrook W. Formulation and clinical evaluation of a hydrocortisone 

solution for the treatment of oral disease. Int J Pharm. 1996 AUG 9;139(1-2):63-8. 

165. Kublik H, Bock T, Schreier H, Muller B. Nasal absorption of 17-beta-estradiol from different 

cyclodextrin inclusion formulations in sheep. European Journal of Pharmaceutics and Biopharmaceutics. 

1996 OCT;42(5):320-4. 

166. Loftsson T, Stefansson E. Effect of cyclodextrins on topical drug delivery to the eye. Drug Dev Ind 

Pharm. 1997;23(5):473-81. 

167. VANDOORNE H. Interactions between Cyclodextrins and Ophthalmic Drugs. European Journal of 

Pharmaceutics and Biopharmaceutics. 1993 AUG;39(4):133-9. 

168. Jarho P, Urtti A, Pate D, Suhonen P, Jarvinen T. Increase in aqueous solubility, stability and in vitro 

corneal permeability of anandamide by hydroxypropyl-8-cyclodextrin. Int J Pharm. 1996 JUN 

28;137(2):209-16. 

169. Geerlings P, De Proft F, Langenaeker W. Conceptual density functional theory. Chem Rev. 2003 MAY 

2003;103(5):1793-873. 

170. Kryachko ES, Ludena EV. Density functional theory: Foundations reviewed. Physics Reports-Review 

Section of Physics Letters. 2014 NOV 10 2014;544(2):123-239. 

171. Harrison NA. An introduction to density functional theory. Computational Materials Science. 2003 

2003;187:45-70. 

172. Hohenberg P, Kohn W. Inhomogeneous Electron Gas. Phys.Rev. 1964 Nov;136(3B):B864-71. 

173. Kohn W. Nobel Lecture: Electronic structure of matter\char22{}wave functions and density functionals. 

Rev Mod Phys. 1999 10/01;71(5):1253-66. 

174. Engel E. Density Functional Theory--An Advanced Course. Berlin Heidelberg: Springer; 2011. 



 

208 

 

175. Kryachko ES. Energy Density Functional Theory of Many-Electron Systems. Netherlands: Springer; 

1990. 

176. Burke K. Perspective on density functional theory. J Chem Phys. 2012 APR 21;136(15):150901. 

177. Kohn W, Sham LJ. Self-Consistent Equations Including Exchange and Correlation Effects. Phys.Rev. 

1965 Nov;140(4A):A1133-8. 

178. Tsuneda T. Density Functional Theory in Quantum Chemistry. Japan: Springer; 2014. 

179. Perdew JP. Density-functional approximation for the correlation energy of the inhomogeneous electron 

gas. Phys.Rev.B. 1986 Jun;33(12):8822-4. 

180. Becke AD. Density- functional thermochemistry. III. The role of exact exchange. J Chem Phys. 

1993;98(7):5648-52. 

181. Becke AD. Density-functional exchange-energy approximation with correct asymptotic behavior. Phys 

Rev , A. 1988 Sep;38(6):3098-100. 

182. Perdew JP, Wang Y. Accurate and simple analytic representation of the electron-gas correlation energy. 

Phys.Rev.B. 1992 Jun;45(23):13244-9. 

183. Lee C, Yang W, Parr RG. Development of the Colle-Salvetti correlation-energy formula into a 

functional of the electron density. Phys.Rev.B. 1988 Jan;37(2):785-9. 

184. Kim K, Jordan KD. Comparison of Density Functional and MP2 Calculations on the Water Monomer 

and Dimer. J Phys Chem. 1994;98(40):10089-94. 

185. Stephens PJ, Devlin FJ, Chabalowski CF, Frisch MJ. Ab Initio Calculation of Vibrational Absorption 

and Circular Dichroism Spectra Using Density Functional Force Fields. J Phys Chem. 1994;98(45):11623-

7. 

186. Vosko SH, Wilk L, Nusair M. Accurate spin-dependent electron liquid correlation energies for local 

spin density calculations: a critical analysis. Can J Phys. 1980;58(8):1200-11. 

187. Slater JC. A Simplification of the Hartree-Fock Method. Phys.Rev. 1951 Feb;81(3):385-90. 

188. Lynch BJ, Fast PL, Harris M, Truhlar DG. Adiabatic Connection for Kinetics. The Journal of Physical 

Chemistry A. 2000;104(21):4811-5. 

189. Bouzzine SM, Bouzakraoui S, Bouachrine M, Hamidi M. Density functional theory (B3LYP/6-31G*) 

study of oligothiophenes in their aromatic and polaronic states. Journal of Molecular Structure: 

THEOCHEM. 2005 8/1;726(1–3):271-6. 

190. Montgomery JA, Frisch MJ, Ochterski JW, Petersson GA. A complete basis set model chemistry. VI. 

Use of density functional geometries and frequencies. J Chem Phys. 1999;110(6):2822-7. 

191. Liu L, Guo Q. Use of Quantum Chemical Methods to Study Cyclodextrin Chemistry. Journal of 

inclusion phenomena and macrocyclic chemistry. 2004;50(1-2):95-103. 



 

209 

 

192. Pople JA, Segal GA. Approximate Self- Consistent Molecular Orbital Theory. III. CNDO Results for 

AB2 and AB3 Systems. J Chem Phys. 1966;44(9):3289-96. 

193. Dewar MJS, Thiel W. Ground states of molecules. 38. The MNDO method. Approximations and 

parameters. J Am Chem Soc. 1977;99(15):4899-907. 

194. Dewar MJS, Zoebisch EG, Healy EF, Stewart JJP. Development and use of quantum mechanical 

molecular models. 76. AM1: a new general purpose quantum mechanical molecular model. J Am Chem Soc. 

1985;107(13):3902-9. 

195. Stewart JJP. Optimization of parameters for semiempirical methods I. Method. Journal of 

Computational Chemistry. 1989;10(2):209-20. 

196. Anh NT, Frison G, Solladié-Cavallo A, Metzner P. Some difficulties encountered with AM1 and PM3 

calculations. Tetrahedron. 1998 10/15;54(42):12841-52. 

197. Li X, Liu L, Mu T, Guo Q. A Systematic Quantum Chemistry Study on Cyclodextrins. Monatshefte 

fÃ¼r Chemie / Chemical Monthly. 2000;131(8):849-55. 

198. Rafati, Amir Abbas, Bagheri, Ahmad, Iloukhani, Hussein, Zarinehzad,Mortaza. Study of inclusion 

complex formation between a homologous series of n-alkyltrimethylammonium bromides and Î²-

cyclodextrin, using conductometric technique. Journal of Molecular Liquids. 2005;116(1):37-41. 

199. Rafati AA, Hashemianzadeh SM, Nojini ZB, Safarpour MA. Theoretical study of the inclusion 

complexes of α and β-cyclodextrins with decyltrimethylammonium bromide (DTAB) and 

tetradecyltrimethylammonium bromide (TTAB). Journal of Molecular Liquids. 2007 7/31;135(1–3):153-7. 

200. de Sousa FB, Denadai AML, Lula IS, Lopes JF, Dos Santos HF, De Almeida WB, et al. Supramolecular 

complex of fluoxetine with beta-cyclodextrin: An experimental and theoretical study. Int J Pharm. 2008 APR 

2;353(1-2):160-9. 

201. Snor W, Liedl E, Weiss-Greiler P, Viernstein H, Wolschann P. Density functional calculations on 

meloxicam–β-cyclodextrin inclusion complexes. Int J Pharm. 2009 11/3;381(2):146-52. 

202. Xia Y, Wang X, Zhang Y, Luo B. Theoretical Study on Interactions of β-cyclodextrin with Trans-

dichloro(dipyridine) platinum(II). Computational and Theoretical Chemistry. 2011 8/1;967(2–3):213-8. 

203. Haiahem S, Nouar L, Djilani I, Bouhadiba A, Madi F, Khatmi DE. Host-guest inclusion complex 

between β-cyclodextrin and paeonol: A theoretical approach. Comptes Rendus Chimie. 2013 4;16(4):372-9. 

204. Teixeira MG, de Assis JV, Soares CGP, Venancio MF, Lopes JF, Nascimento CS, Jr., et al. Theoretical 

and Experimental Study of Inclusion Complexes Formed by Isoniazid and Modified beta-Cyclodextrins: H-

1 NMR Structural Determination and Antibacterial Activity Evaluation. J Phys Chem B. 2014 JAN 

9;118(1):81-93. 

205. Nadia L, Djameleddine K, Rayenne D. Theoretical study of the inclusion processes of octopamine with 

beta-cyclodextrin: PM6, ONIOM, and NBO analysis. C R Chim. 2014 DEC;17(12):1169-75. 

206. Bjorklund J, Isetun S, Nilsson U. Selective determination of organophosphate flame retardants and 

plasticizers in indoor air by gas chromatography, positive-ion chemical ionization and collision-induced 

dissociation mass spectrometry. Rapid Commun Mass Spectrom. 2004;18(24):3079-83. 



 

210 

 

207. Pawlowski KH, Schartel B. Flame retardancy mechanisms of triphenyl phosphate, resorcinol 

bis(diphenyl phosphate) and bisphenol bis(diphenyl phosphate) in polycarbonate/acrylonitrile-butadiene-

styrene blends. Polym Int. 2007 NOV;56(11):1404-14. 

208. Lee K, Kim J, Bae J, Yang J, Hong S, Kim H. Studies on the thermal stabilization enhancement of ABS; 

synergistic effect by triphenyl phosphate and epoxy resin mixtures. Polymer. 2002 APR;43(8):2249-53. 

209. Brooke D N, Crookes M J, Quarterman P and Burns J. Environmental risk evaluation report: Triphenyl 

phosphate. United Kingdom: Environment Agency; 2009. 

210. Huang L, Gerber M, Lu J, Tonelli A. Formation of a flame retardant-cyclodextrin inclusion compound 

and its application as a flame retardant for poly(ethylene terephthalate). Polym Degrad Stab. 

2001;71(2):279-84. 

211. TÖTTERMAN AM, SCHIPPER NGM, THOMPSON DO, MANNERMAA J. Intestinal Safety of 

Water-soluble ?-Cyclodextrins in Paediatric Oral Solutions of Spironolactone: Effects on Human Intestinal 

Epithelial Caco-2 Cells. J Pharm Pharmacol. 1997;49(1):43-8. 

212. Szente L, Szejtli J. Cyclodextrins as food ingredients. Trends Food Sci Technol. 2004 0;15(3–4):137-

42. 

213. Caira M. On the isostructurality of cyclodextrin inclusion complexes and its practical utility. Rev Roum 

Chim. 2001 APR;46(4):371-86. 

214. Hu S, Song L, Pan H, Hu Y, Gong X. Thermal properties and combustion behaviors of flame retarded 

epoxy acrylate with a chitosan based flame retardant containing phosphorus and acrylate structure. J Anal 

Appl Pyrolysis. 2012 SEP;97:109-15. 

215. Alongi J, Pošković M, Frache A, Trotta F. Novel flame retardants containing cyclodextrin nanosponges 

and phosphorus compounds to enhance EVA combustion properties. Polym Degrad Stab. 2010 

10;95(10):2093-100. 

216. Feng J, Zhang X, Ma S, Xiong Z, Zhang C, Jiang Y, et al. Syntheses of Metallic Cyclodextrins and 

Their Use as Synergists in a Poly(Vinyl Alcohol)/Intumescent Flame Retardant System. Ind Eng Chem Res. 

2013 FEB 27;52(8):2784-92. 

217. Cai XY, Liu WP, Chen SW. Environmental effects of inclusion complexation between methylated beta-

cyclodextrin and diclofop-methyl. J Agric Food Chem. 2005 AUG 24 2005;53(17):6744-9. 

218. Betts K. Does a key PBDE break down in the environment? Environ Sci Technol. 2008 SEP 15 

2008;42(18):6781-. 

219. Darnerud PO, Eriksen GS, Johannesson T, Larsen PB, Viluksela M. Polybrominated diphenyl ethers: 

Occurrence, dietary exposure, and toxicology. Environ Health Perspect. 2001 MAR 2001;109:49-68. 

220. Hites RA. Polybrominated diphenyl ethers in the environment and in people: A meta-analysis of 

concentrations. Environ Sci Technol. 2004 FEB 15 2004;38(4):945-56. 

221. La Guardia MJ, Hale RC, Harvey E. Detailed polybrominated diphenyl ether (PBDE) congener 

composition of the widely used penta-, octa-, and deca-PBDE technical flame-retardant mixtures. Environ 

Sci Technol. 2006 OCT 15 2006;40(20):6247-54. 



 

211 

 

222. Rudel RA, Camann DE, Spengler JD, Korn LR, Brody JG. Phthalates, alkylphenols, pesticides, 

polybrominated diphenyl ethers, and other endocrine-disrupting compounds in indoor air and dust. Environ 

Sci Technol. 2003 OCT 15 2003;37(20):4543-53. 

223. Wensing M, Uhde E, Salthammer T. Plastics additives in the indoor environment - flame retardants and 

plasticizers. Sci Total Environ. 2005 MAR 1 2005;339(1-3):19-40. 

224. Patisaul HB, Roberts SC, Mabrey N, McCaffrey KA, Gear RB, Braun J, et al. Accumulation and 

Endocrine Disrupting Effects of the Flame Retardant Mixture Firemaster® 550 in Rats: An Exploratory 

Assessment. J Biochem Mol Toxicol. 2013;27(2):124-36. 

225. van der Veen I, de Boer J. Phosphorus flame retardants: Properties, production, environmental 

occurrence, toxicity and analysis. Chemosphere. 2012 8;88(10):1119-53. 

226. Marklund A, Andersson B, Haglund P. Organophosphorus flame retardants and plasticizers in air from 

various indoor environments. Journal of Environmental Monitoring. 2005 2005;7(8):814-9. 

227. Bacaloni A, Cavaliere C, Foglia P, Nazzari M, Samperi R, Lagana A. Liquid chromatography/tandem 

mass spectrometry determination of organophosphorus flame retardants and plasticizers in drinking and 

surface waters. Rapid Communications in Mass Spectrometry. 2007 2007;21(7):1123-30. 

228. Regnery J, Puettmann W. Occurrence and fate of organophosphorus flame retardants and plasticizers 

in urban and remote surface waters in Germany. Water Res. 2010 JUL 2010;44(14):4097-104. 

229. Li J, Yu N, Zhang B, Jin L, Li M, Hu M, et al. Occurrence of organophosphate flame retardants in 

drinking water from China. Water Res. 2014 MAY 1 2014;54:53-61. 

230. Chen G, Zhang S, Jin Y, Wu Y, Liu L, Qian H, et al. TPP and TCEP induce oxidative stress and alter 

steroidogenesis in TM3 Leydig cells. Reproductive Toxicology. 2015 NOV 2015;57:100-10. 

231. Zhang N, Shen J, Pasquinelli MA, Hinks D, Tonelli AE. Formation and characterization of an inclusion 

complex of triphenyl phosphate and β-cyclodextrin and its use as a flame retardant for polyethylene 

terephthalate. Polym Degrad Stab. 2015 10;120:244-50. 

232. Harada A, Suzuki S, Okada M, Kamachi M. Preparation and Characterization of Inclusion Complexes 

of Polyisobutylene with Cyclodextrins. Macromolecules. 1996 01/01;29(17):5611-4. 

233. Uyar T, Hunt M, Gracz H, Tonelli A. Crystalline cyclodextrin inclusion compounds formed with 

aromatic guests: Guest-dependent stoichiometries and hydration-sensitive crystal structures. Crystal Growth 

& Design. 2006 MAY;6(5):1113-9. 

234. Divakar S, Maheswaran MM. Structural Studies on Inclusion Compounds of Î²-Cyclodextrin with Some 

Substituted Phenols. Journal of inclusion phenomena and molecular recognition in chemistry. 1997 

02/01;27(2):113-26. 

235. Louiz S, Labiadh H, Abderrahim R. Synthesis and spectroscopy studies of the inclusion complex of 3-

amino-5-methyl pyrazole with beta-cyclodextrin. Spectrochimica Acta Part A: Molecular and Biomolecular 

Spectroscopy. 2015 1/5;134(0):276-82. 

236. Haynes HJG. Fire Loss in the United States During 2014. Quincy, MA: National Fire Protection 

Association; 2015. 



 

212 

 

237. Birnbaum L, Staskal D, Diliberto J. Health effects of polybrominated dibenzo-p-dioxins (PBDDs) and 

dibenzofurans (PBDFs). Environ Int. 2003 SEP;29(6):855-60. 

238. Ezechias M, Covino S, Cajthaml T. Ecotoxicity and biodegradability of new brominated flame 

retardants: A review. Ecotoxicol Environ Saf. 2014 DEC 2014;110:153-67. 

239. Mankidy R, Ranjan B, Honaramooz A, Giesy JP. Effects of novel brominated flame retardants on 

steroidogenesis in primary porcine testicular cells. Toxicol Lett. 2014 1/3;224(1):141-6. 

240. Peng H, Saunders DMV, Sun J, Codling G, Wiseman S, Jones PD, et al. Detection, Identification, and 

Quantification of Hydroxylated Bis(2-ethylhexyl)-Tetrabromophthalate Isomers in House Dust. Environ Sci 

Technol. 2015 MAR 3;49(5):2999-3006. 

241. Mendelsohn E, Hagopian A, Hoffman K, Butt CM, Lorenzo A, Congleton J, et al. Nail polish as a 

source of exposure to triphenyl phosphate. Environ Int. 2016 1;86:45-51. 

242. Despinasse M, Schartel B. Aryl phosphate-aryl phosphate synergy in flame-retarded bisphenol A 

polycarbonate/acrylonitrile-butadiene-styrene. Thermochim Acta. 2013 JUL 10;563:51-61. 

243. Kaynak C, Sipahioglu BM. Effects of nanoclays on the flammability of polystyrene with triphenyl 

phosphate-based flame retardants. J Fire Sci. 2013 JUL;31(4):339-55. 

244. Rimdusit S, Thamprasom N, Suppakarn N, Jubsilp C, Takeichi T, Tiptipakorn S. Effect of triphenyl 

phosphate flame retardant on properties of arylamine-based polybenzoxazines. J Appl Polym Sci. 2013 OCT 

15;130(2):1074-83. 

245. Tonelli AE. Molecular Processing of Polymers with Cyclodextrins. Inclusion Polymers. 2009;222:115-

66. 

246. Biernacka J, Betlejewska-Kielak K, Witowska-Jarosz J, Klosinska-Szmurlo E, Mazurek AP. Mass 

spectrometry and molecular modeling studies on the inclusion complexes between alendronate and beta-

cyclodextrin. Journal of Inclusion Phenomena and Macrocyclic Chemistry. 2014 APR;78(1-4):437-43. 

247. Jankowska A, Jankowski C, Chiasson J. On chloralose-cyclodextrin complexes by ESI-mass 

spectrometry. Journal of Inclusion Phenomena and Macrocyclic Chemistry. 2005 AUG;52(3-4):213-21. 

248. Mineo P, Vitalini D, La Mendola D, Rizzarelli E, Scamporrino E, Vecchio G. Coordination features of 

difunctionalized beta-cyclodextrins with carnosine: ESI-MS and spectroscopic investigations on 6A,6D-di-

(beta-alanyl-L-histidine)-6A,6D-dideoxy-beta-cyclodextrin and 6A,6C-di-(beta-alanyl-L-histidine)-6A,6C-

dideoxy-beta-cyclodextrin and their copper(II) complexes. J Inorg Biochem. 2004 FEB;98(2):254-65. 

249. Wen X, Liu Z, Zhu T. Mass spectrometry and molecular modeling studies on the inclusion complexes 

between alpha,beta-cyclodextrins and simvastatin. Chemical Physics Letters. 2005 MAR 31;405(1-3):114-

7. 

250. Zhang H, Zhang H, Qu C, Bai L, Ding L. Fluorimetric and mass spectrometric study of the interaction 

of beta-cyclodextrin and osthole. Spectrochimica Acta Part A-Molecular and Biomolecular Spectroscopy. 

2007 NOV;68(3):474-7. 

251. Chernushevich I, Loboda A, Thomson B. An introduction to quadrupole-time-of-flight mass 

spectrometry. Journal of Mass Spectrometry. 2001 AUG;36(8):849-65. 



 

213 

 

252. COTTER R. Time-Of-Flight Mass-Spectrometry for the Structural-Analysis of Biological Molecules. 

Anal Chem. 1992 NOV 1;64(21):A1027-39. 

253. GUILHAUS M. Principles and Instrumentation in Time-Of-Flight Mass-Spectrometry - Physical and 

Instrumental Concepts. Journal of Mass Spectrometry. 1995 NOV;30(11):1519-32. 

254. Mamyrin B. Time-of-flight mass spectrometry (concepts, achievements, and prospects). International 

Journal of Mass Spectrometry. 2001 MAR 22;206(3):251-66. 

255. FENN J, MANN M, MENG C, WONG S, WHITEHOUSE C. Electrospray Ionization for Mass-

Spectrometry of Large Biomolecules. Science. 1989 OCT 6;246(4926):64-71. 

256. FENN J, MANN M, MENG C, WONG S, WHITEHOUSE C. Electrospray Ionization-Principles and 

Practice. Mass Spectrom Rev. 1990 JAN;9(1):37-70. 

257. SMITH R, LOO J, EDMONDS C, BARINAGA C, UDSETH H. New Developments in Biochemical 

Mass-Spectrometry - Electrospray Ionization. Anal Chem. 1990 MAY 1;62(9):882-99. 

258. Takats Z, Wiseman J, Gologan B, Cooks R. Mass spectrometry sampling under ambient conditions with 

desorption electrospray ionization. Science. 2004 OCT 15;306(5695):471-3. 

259. Crini G. Review: A History of Cyclodextrins. Chem Rev. 2014 11/12;114(21):10940-75. 

260. Liu P, Zhang D, Zhan J. Investigation on the Inclusions of PCB52 with Cyclodextrins by Performing 

DFT Calculations and Molecular Dynamics Simulations. J Phys Chem A. 2010 DEC 23;114(50):13122-8. 

261. Stiufiuc R, Iacovita C, Stiufiuc G, Bodoki E, Chis V, Lucaciu CM. Surface mediated chiral interactions 

between cyclodextrins and propranolol enantiomers: a SERS and DFT study. Phys Chem Chem Phys. 

2015;17(2):1281-9. 

262. Wan Y, Wang X, Liu N. DFT study the interaction of beta-cyclodextrin with benzyl azide and phenyl 

acetylene in synthesis of 1,2,3-triazoles. J Phys Org Chem. 2015 JAN;28(1):25-30. 

263. Bikadi Z, Hazai E. Application of the PM6 semi-empirical method to modeling proteins enhances 

docking accuracy of AutoDock. Journal of Cheminformatics. 2009 09/11;1(1):1-16. 

264. Saenger W, Jacob J, Gessler K, Steiner T, Hoffmann D, Sanbe H, et al. Structures of the Common 

Cyclodextrins and Their Larger AnaloguesBeyond the Doughnut. Chem Rev. 1998 07/01;98(5):1787-802. 

 

 


