ABSTRACT

WU, XINYUAN. Metaktto-metal Charge Transfer (MMCT) in Heterobimetallic Systems
Containing Vanadium(I\)(Under the direction d®rof. WalterW. Wearg.

Finding chromophorethat posses®ng-lived photoinduced chae separated excited
statesis an important topic imolecularartificial phaosynthesisTransition metal complexes
are believed to be good candidates since their charge traasigsare commonly observed
in eledronic absorption spectralistorically, significanteffort has been devoted intptical
transitiors which involve ligandligand charge transfer and meligland charge transfer
However photophysical studies ofietalto-metalcharge transfer (MMCTghromophore are
rare We are focusing osynthesizindirst-row transition metal complexé¢sathaveMMCT
transitiors. We aim to investigatetheir excited statedynamics, both theoretically and
experimentally,to determinewhether theycan be used as photosensitizersalar energy
conversion process

Chepter 2 includes thesynthesisof a series of heterobimetallid@O Y C)r and
heterotrimetallic 180 Y Cr Ya®) complexeswhich expands the database of unsupported
Mib O b Mype structure antlelps to undersand themetatmetal interactions in sudmear
oxido bridged systemsChapter 3covers the synthesis of fieeterobimetallic complexes
containing d vanadium and the identification of movelVVY F € MMCT band at 500 nm in
VBOY F e m.\Chapter 4 includeanexcited statelynamics study of 8MCT transition
using transient absorption spectroscopgta analysis shows thaharge transfeMMCT
character is maintained throughout the decay process. The significantly longer I{fetis)e
when compare to individual monomeric componefi200 ps)is due to an electronic
reorganization on the iron siteat is made possible by the Wweeoupling between metal

centers
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Chapter 1 Background Review

1.1 Molecular Artificial Photosynthesis

Natural photosynthesis converts solar energy to fuels on a massivé $éalshown

in Figure 11, in photosystem Il chlorophyRsso initiatesa series otharge separationpon

photoexcitation.To react with theesulting oxidizing equivalents, electrons are provided by

water oxidation at catalyst M@a, producing molecular oxygehhe relucing equivalents are

transported by redox shuttling molecules, ultim
gradient, whth is utilized to generate (ATP) and

is well tuned.

ately resulting in the creation of a proton

facilitate £@duction. The entire system
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. - " INADP' + 2H
é Q Ferredoxin
2 >
; .s Plnuuh\lm [Light ] 2% 2¢ NADP' reductase
_E‘- = Plas SIOquInone —
£ Cytochrome bef complex INADPH
é \ =7 This e Plastocyanin
g 2¢ Proy, Ol tray e
z "S gy 'SP h »,
;; " h‘.,," . TRy Chayy, 2e
g e e, Photosystem |
= Sy Of A7
s : ) r
2
a Photosystem [T

120+ 2H

Catalyst Sensitizer Catalyst

Figure 1.1 Top: working diagram of natural photosynthesis (adapted from ref 2). Bottom:
scheme for an idealrtificial photosynthesis device.



Inspired by this natural processtificial photosynthesifias been an important area of
research for decadés? A typical artificial photosynthetic device requires three main
components (Figure 1). First, a photosert&er is needed to absorb sunlight, converting solar
energy to electrochemical potential energy. This process createslavéahgharge separated
excited state. Then, a water oxidation catalyst is used to harness the oxidizing equivalent from
the chargdransfer event, triggering water oxidation to form oxygen. At the same time, a
second catalytic system consumes the reducing equivalent and initiates fuel production
processes, with carbohydrates or hydrogen gas being generated. In our group, wesi@dnter
in photoinduced charge separation, which could provide the photochemical driving force for

many sequential chemical processes.

1.2 Photoinduced Charge Separation in Transition Metal Complexes
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Figure 1.2 Left: Photoinduced Charge separation of a supramolecular complex developed by
Fuzukumi and coworkers (adapted from ref 5). Right: daogper(l) acceptor triad MLCT
chromophore designed by Sliwa and coworkers (adapted from ref 13).

Photoinduced charge separation is widely known in transition metal complexes and
charge transfer bands are commonly observed in the electronic absorption spectra of many

metal species. One important requirement for molecules that are used as photaseaigtize
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excited states with sufficiently loAed charge separated lifetimes. Therefore, significant
efforts have been devoted to design and synthesize molecular systems that have such long
lived photoinduced charge separated statés.

Figure 1.2 represnts two examples of molecular photosensitizers with -lwegl
excited charge transfer states. One is a supramolecular system, where a metalloporphyrin and
full erene are bound viia iedteertaotsit@ans ca’idteoa
Oncevisible light is absorbedt the zinc porphyn component, an electranansfes to the
fullerenewith high efficiency, resulting in @hargeseparated lifetimef 0.25 msA second is
a copper(hbased donespaceracceptor systert?.Once excited int@ Cu MLCT excited state
this moleculeundergoes further chargeparabn, transferring the electron intramolecularly
into anaphthalene bisimideomponent. This additional electron transfer traps the excited state,

thus extending the lifetime up to 10s ohpaeconds

a) .

~“v. .
> ’ "sﬁﬂﬂ

(
b) x10 da

»
‘5" - S3(3dys) ) 71 = 6.8ps 's.

®

HOMO*

HOMO

Figure 1.3 LMCT chromophore containing vanadium(V). Decay mechanisms are shown on
the right.
Figure1.3 displays an LMCT chromophore containing a vanadium(V) céh@FT

calculation and transient absorption spectroscopy suggest that internal conversion to a nearby
3



charge separated energy state happens after the initial LMCT event. This process stabilizes the
excited species, yielding a charge separated state withimé of 423 ps.

To identify chromophores that can act as photosensitizers for a targeted photochemical
application, extensive effort has been placed into ligadjand charge transfer (LLCTY,
metato-ligand charge transfer (MLC and ligandto-metal charge transfer (LMCTf
However, photophysical dynamic studies on the systems possessingamaédal charge
transfer (MMCT), also known as intervalence charge transfer (IVCT), remail Myethesis
focuses on an example of a MMCT with a relalwlonglived (1 ns) charge transfer excited

state centered omaon(ll) and vanadium(lV) oxiddoridged core.

1.3 Metatto-metal Charge Transfer in Transitional Metal Complexes

o-
Acceptor

L1 Metall —O—

Figure 1.4 Scheme foMMCT chromophore. It features a dorAmidge-acceptor structure. L

is the ligand set. In the molecules discussed here, an oxygen atom is the only bridging atom.

An electron transfers from the donor metal to the acceptor metal upon photoexcitation.
Chromoghores with an intramolecular MMCT absorption are potentially good

candidates for developing new and efficient photosensitizers. The structural motif for typical

MMCT photosensitizers has all of the key components for a clieagsfer chromophore in
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one mdecular system (Figurg4). Benefiting from this, the energy of MMCT transitions can

be tuned by either substituting the metal centers involved (Meti®letab) or by modification

of the supporting ligands on either metal (L1, L2).
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Figure 1.5 MMCT chromophores developed in recent years. TopOZo0 and TiO-Mn
systems developed by Frei and coworkers. Middle: first system that contains a covalently
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bounded THO-Cr core. Bottom: an alkynl bridgeti-Fe system published by Wagneknecht
and coworkers.

In recent years, MMCT chromophores have received attention, with a number of
intramolecular MMCT absorption features being assignedterdigimetallic systems (Figure
1.5.1828 Of particular interestfor our work, Frei and coworkers have developed
heterobimetallic systems, including ZrOCo and TiOMn, that are grafted to the surface of
mesoporous silica. A ZrOCo system is capable of undergoing visible light induced MMCT,
and when coupled to an iridumide water oxidation catalyst is the first example of a purely
inorganic light absorber being successfully applied for a photosynthetic cycle where water is
oxidized and CQis reduced, (46 turnovers per ZrOGOx catalytic site):® A TiOMn system
featuresa Mn'Y Ti"V MMCT, with an unusually londg i ved excited state
mechanism for this lifetime extension has been suggested to result from an intersystem
crossing event at the excited manganese site, which results in-taagpiad excited staté.

Also in Figurel.5i s t h eoxofbiidgesl fTYO€Er!" heterobimetallic system. Using a
difference spectrum, a new absorbance was revealed at 288 nm, which has been assigned to a
MMCT from Crto Ti. The assignment of this band is supportectlegtrochemical results.

Recently, an additional MMCT chromophores was identified in an alkynyl bridged
heterobimetallic complex containing™and Fé. The FeVYTi MMCT band i s

on results from electrochemistry, absorption spectroscopy &ildcBlculations.

1.4 Theory of Intramolecular Electron Transfer
Since MMCT in bimetallic species has been my research goal. A theoretical treatment

that explains intramolecular electron transfer is needed to better understand how to tune
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electron transfelifetimes by altering the electronic and magnetic interactions between metal

centers.

1.4.1 Model of MMCT transition

Hush and coworkers developed a theoretical model that links the MMCT transitions
with simple Marcus electron transfer theétsing thei approach, the energy of an optical
MMCT transition is shown in equation 1.

’ Q _ _ 30 30 p
Here,_ and_ are the FranriCondon Factors, which respectively correspond to the-nner
and outersphere reorganization energies of the compouwf@. represents the energy
difference between the ground state and charge separated excited-Gtagpresents an
addtional energy term that originates from a combination of-spioit coupling and ligand
field asymmetry.

The energy surfaé®of a bimetallic MMCT chromophore can be simplified using a
diagram containing two parabolas as shown in Fig&eThe dotted awes correspond to the
wavefunction of the ground state and MMCT state. The horizontal axis is a dimensionless
reaction coordinate, representing the combination of vibrational modes from both the solvent
andligand-metal stretching vibrationsThis pictureassumes that optical excitation between
each state is much faster than nuclear motion. Therefore, after vertical excitation the

coordination environment in the initial Fradondon state is approximately the same as the

coordination environment before éation.
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Figure 1.6 Potential energy curves for MMCT (adapted from ref 30). (a) minimal coupling,
(b) weak coupling and (c) strong coupling.

The degree of coupling has traditionally been separatethirge categories according
to the Robin and Day classification syst& Class | system is observed when two metal
centers are far away from each other and/or the electronic coupling between the metal centers
is nearly zero. In such a situation, a direCT absorption feature will be too weak to be
observed. If moderate coupling exists between metal centers, a Class Il situation exists. In
Class Il molecules MMCT can also occur either through optical excitation or thermal
activation, whose energetic perties can be determined by measuring the optical process.
The thermal barrieiQ , is given by equation Zl'ypical molar absorptivities for Class Il
MMCT transitions are smaller than 5000 ™.

O _Jjt O O j_ C

The band width bMMCT, according to this model, can be estimated using equatiotY (8).

time constant an@lis temperature.

3% | pY'M t _ o



Once we assign a MMCT band from the electronic absorption spectroscopy, the coupling
constant;O , can fe estimated using equationi4. is the distance between metal centers and
can be determined from-May crystallographic data.

8t 1 ORA % 7
0 cat g p ‘| T .

When two metal centers are strongly coupled, the thleautivation barrierO
vanishes. Therefore, this is a completely delocalized system, described byCRglas Class
ll. The most famous example of Class lll system is the Cy€atie lort2 where both metal
centers possess a partial charge. Th@OQM absorption feature for such molecules is usually
narrow and intense, with molar absorptivities greater than 5086 In such systems,

MMCT occurs within the molecular orbital manifolds. The coupling constant can be estimated

to be-’ for Class Il systems.

1.4.2 Back electron transfer rate

In order to harness charge separated excited states to drive redox reactivity, the back
electron transfer rate of the chromophore needs to be slow enough to allow the electron or hole
to transfer to @econd system of interest (redox catalyst or external circuit). Marcus electron
transfer theory provides an important model for understanding the relationship between
electron transfer rates and the energetic properties of the systems of interest.

When two metal centers are weakly coupled (such as in Class Il species), one can treat

the system as nonadiabatic. The rate of back electron transfer, just like other chemical



reactions, can then be expressed using an Arrhenius equation (equdboris 4heactivation
energy andYis the temperature.
T 0 QmmIQY T
Accordi ng tgoldenh ruleg® wkea therdledtren transfer process can be treated by
radiationless transitions the rate constant is then given by equation 5.
N ¢ $0 s086 w0 v
"0 is the electronic coupling constant dab « ‘@ the FrankCondon Weighted Density.
The activation energ® , according to the twparabola model, is given by equation_6.
corresponds to the lsent reorganization energy.
0o YO _ jt_ 0
By combining the Golden Rule and the Arrhenius equation, L&iohtained a general
expression for the rate equation for a given electron transfer reaction (equation 7).
Q  tj. _QYTS0 sQumn YO _ T_QY X
By taking vibrational reorganization energy into account, the final expression of the rate

constant is given by equation 8.

~

: o~ Q- -
Q “1. _Q"Y SO s A Qwn —

WA@Y _jD Y
_ corresponds to the vibrational relaxation energy¥idis the energy difference between
two states. According to this expression, once one obtains an Arrhenius plot for the back
electron transfer rate by measuring the excited state lifetimes at different temperatures, the

coupling constantO for the back electron transfer can be calculated via equation 9.
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represents the reorganization energy calculated via equatiod ¢6jresponds to the pre
exponential term of the equation (4).

o 0
0 ¢ m W
A very important result derives from the Marcus model is the existence of Marcus
inverted region (Figur&.7). According to Marcus they, as the driving force increases, the
rate of electron transfer will firstly increase to a maximum value and then decrease. This

hypothesis was first experimentally demonstrated by Closs and Miller in*1984.

Thermally Neutral Maximum Rate Inverted Region
—AG® < 2 —-AGY =2 —AG® > 2

Figure 1.7 The change of the rate constant as the driving f@ffﬁe) increases.

When designing MMCT chromophores to maximize excited state lifetimes, the
situation where back electron transfer is energetically in the inverted sdgatd be avoided.
This is done by selecting metal centers and modifying the ligand set to moderate the energy of
the MMCT transition. Fortunately, for most electron transfer reactions visible light (< 3 V) lies

in the normal Marcus regime.
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1.5Developmert of Iron Complexes as Chromophores

Many ruthenium(ll) polypyridyl complexes, such as the prototypical [Rugbidy)

possess lonyi ved MLCT =excited state (~1 ¢€s).

photosensitizers in solar applications such as dyetsmussolar cell$® Due to the relatively

high cost and scarcity of ruthenium, researchers have been trying to substitutbaadant

first-row transition metals, such as iron, for the application of MLCT chromophores in large

scale energy applicatiossich as solar electricity or solar fuels.

AA profile fits high-spin Fe(lll) derivative

000 fmmmmmm e S .
= NS
o
P, 4'4
N N g
— 2 \ ¥
= N l = \ / \
5 , f
g K™ 4
2 %, A
& h, ;

—  [Fe(tren(py)s)]** — R

Broad absorpt|on decays within 1 ps

T e T A <100 fs
A MLCT

1 % | B e —]
0.004 - ? 2 oon
v < .
: i '
% O

8 psi

) b _—"| Ligand field state

10 GS

Figure 1.8 Transient absorption study by McCusker and coworkefse(tren(py})]?*, a low
spin Fd MLCT chromophore.

In 2000, McCusker and coworkers perfornasdultrafast dynamics study on an'Fe

polypyridyl complex, [Fe(tren(py)]?* (Figure1.8).2° They found that within 1 ps, tH&LCT

state deactivates to form a ligafidld state with the spin S = 2. The transient spectra
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throughout the rest of the exmit state decay matches well with a hegiin Fé configuration.

The shorlived MLCT state was further confirmed by spectroelectrochemical measurements.
The shorlived charge separated state shows similar absorption feature as'theerier
created byelectrochemistry. In 2007, Chergui and coworkers performed a photophysical
investigation on [F&bpy)s]?*,3¢ successfully extracting information on théLCT state via a
luminescence experiment. Femtosecond fluorescencemersion coupled with a traeat
absorption study suggested that the Fe center undergoes ultrafastosgiover, with the
pathway of deactivation following the patd L C T31L C T C. Two year later, Chergui

and coworkers further confirmed the presence of a transient;shigfMLCT state by
examining transient vibrational features in the kinetic tPAcEhis effect, shown by the
presence of a damped oscillation superimposed on the high energy kinetic traces of the
transient spectra, is assigned to a vibrational coherence effett dm only originate from

high-spin wave packets.
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Figure 1.9 [Fe(CHC)] system developed by Wanmark and coworkers. On the right decay
mechanism supported by DFT result.

13



In 2013, Wanmark and coworkers developed tfige(CHC)] system (Figurd .9),38 39
which is also a lowspin Fé configuration in the ground state. Transient spectra of this
molecule system displayed a loliged, broad absorption feature (9 ps), which was assigned
as thdongest lived charge separated state for Fe systems to date. DFT calculations suggested
that the strongield carbene ligands significantly destabilized the k8gin state of the system.

This would make théMC ligand field state relatively inaccessilafter the initial relaxation

to 3MLCT state, lengthening the charge separation lifetime. Since this discovery, increasing
the ligand field strength of Heased chromophores has continued to improve MLCT excited
state lifetimes, with the longest lived spexiso far being ~ 50 (3.

Even with these advances, the charge separated lifetimes obtained with Fe systems
remain too short to be utilized in most photochemical systems. In Chapters 3 and 4, we describe
the synthesis and picosecond dynamics of a nov&lréw transition metal chromophore
containing both Feand /. By taking the advantage of intramolecular MMCT, it features a
long charge separated excited state lifetime (1 ns). To our knowledge, this represents the

longestlived Fe centered charge isfer excited state to date.
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Chapter 2 Synthess of Unsupported Oxido Bridged

Heterobimetallic and Heterotrimetallic Complexes

The work in this chapter is performed in collaboration with Tao Hudigs chapter
summarizes the synthesis and characterization work of two papers.

Huang, T.; Wu, X.Weare, W. W.; Sommer, R. Bur. J. Inorg. Chem2014 5662.

Huang, T.; Wu, X.; Song, X.; Xu, H.; Smirnova, T. |.; Weare, W. W.; Sommer, Ralon

Trans.2015 44, 18937.

2.1 Abstract

Oxido bridged heterobimetallic complexes containing (TMTAAT andCr(P)Cl,
and heterotrimetallicomplexesconsist of (TMTAA)TBO, (OMTAA)VS0 and Cr(P)ClI
components are synthesized (TMTAA = 7,16dihydro6,8,15,1%tetramethyldibenzo
[b,i][1,4,8,11]tetraazacyclotetradecin@MTAA = 7,16-dihydro-6,8,11,12,15,17,20,24cta
methyldibenzolb,i][1,4,8,11]etraazacyclotetradecirmnd P = 5,10,15,26tetraarylporphyrin)
These new structures arecharaterized by electronic absorption spectroscopX-ray

crystallography antass spectrscopy.

2.2 Introduction
In this chapter, the synthesis and characterization of a series of heterometallic oxido
bridged complexes are described. This type of complexespsrtant in transition metal

chemistry due to the unique chemical properties arising from distinct metal ceSish
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moleculeshave been proved that they can be usgdha®sensitizer isolar energy conversion
procesg® However, first-row transition metal unsupported oxido bridgedterometallic
complexes e very rarel®?® Goedkenand coworkergepoted a synthetic route for oxido
bridged heterobimetallic complexéswhere theyuse (TMTAA) T i ,@&Qerminal oxido
complex, to attack the lésrbase metal center such ad'@nd F&'. However, the structural
andspectroscopic properties of these complexes have not been replenede successfully

build and characterized a series of novel oxido bridged heterometallic species via dative

interactions with (TMTAA)TBO, (OMTAA)VS0 andCr(P)Cl precursors

2.3 Synthesis

For the syst emYCc oysténa Cr(P)Chlgll) Ti @@ tWCr Ti 80
bi metalli¥Crayh@®TTi @ i metallic species can b
stoichometric ratio bete e n ( TMTAA)Gr(P)@ Qorecarsod (Figure2.1). The
heterobimetallic compl ex, Majo @@t wheni & obt
(TMTAA)TI ©0 is mixing with Cr(P)Cl in a 1:1 ratio The heterotrimetat compound is
obtained as the majgroduct whenTMTAA)Ti 90 is mixing withCr(P)Cl in a 2:1 ratio
Additonof TMTAA) Ti 80 t o the previ oul completesvill med Ti
alsoyield the corresponding trimetallic species. However, therileligand on the Cr center
is found to becompeting vith the second equilent of (TMTAA) T i ,®8ulting in a mixture
of bimetallic and trimetallic specieJ herefore,substituting chloride to a weakly coupled

anion, Sbk, is necessary to obtain pure trimetallic complexes.
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By adjusting the stoichiometrgatio of Cr(P)Cland (TMTAA Ti 90 to 1: 2, <co
4-7 can be obtained as dark green precipitatesaneapot reaction. Thgield after further
recrystallization varies from 46 % to 65% depending on the porphgand Compounds-

11, which contain a hexafbroantimonate anion, are obtained by addingquivalents of
NaSbks to thereaction with yields ranging from 37% ~ 53%.

Although complexl was reported by Goedkermd coworkers as a bimetallic species
fromareat i on of 1: 1 TIiAécd@dingto eectOGnic(absériipnGpectra, we
foundthatthe molar absorptivity of thdMTAA) T i Eadg342 and 388 nnih Goedkel s
result are similar toour[ Ti ©0Y Cr Y @ddléa] complexThereforethe molecule
reported by Goedken is actually the hetenwttallic specieg (presumably separated due to

its low solubility), and not the claimed heterobimetallic speties
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1: R = phenyl

2: R = 4-methoxyphenyl
3: R = naphthyl, (TNAP)

Heterotrimetallic

R = phenyl, (TPP)

R = 4-methoxyphenyl, (TMP)
R = 4-fluorophenyl, (TFP)

R = 4-(trifluoromethyl)phenyl,
(TFMP)

Figure 21 Synt hesi s o f Ti 80YCr 8) ramdt &indric c cCo
[ Ti 80YCr Y coBplaxds (4 1) . (i) (TMTAA)Ti ©0 and Cr ([
( TMTAA) Ti 80 and Cr ( P) ClI in a 2:1 ratsina. (1 1
2:1:1 ratio.
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Figure 22Synt hesi s of VB8OYCr bi met al |*itrimetatio mp | e x
complexes 13 (M = V) and 14 (M = Ti). (i) «
( OMTAA) VBO, Cr ( Pin &2:1:1 aahod (i) dNseduéntal reaction: 1:1 ratio of

( TMTAA) Ti 80 and Cr ( P) CI foll owed by an addi
one equivalent of NaSkfat the same time.

Bi metallic V8OYCr and t rfiameynthdsited asingav90Y C
similar method as thatanium derivatives (Figur&.2). When Cr(P)CI and (OMTAA V © O

are combined in a 1:&oichiometricratio, theheterdrimetallic specied.3 is isolated with a

yield of 62%.In order to obtain théimetallic speciesa moreelectron withdrawing TFMP
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ligand was applied(TFMP: tetrakis((4trifluoromethyl)phenyl)porphyrin) Mixing such
precursor with (OMTAA VB O i n gieldsbiretalicadmplexesl2 with a yield of
22%.The unsymmetrical tr i Tcempeildcande prepare® @I%r YOBV
yield via a sequential reactioby adding one equivalent of (OMTAAV ©1© previously

formedT i & O Ys@ecies

2.4 Experimental Section

General Consideratiors. All reactions were carried out in an Innovative Technology
glovebox or under an atmosphere dinitrogen using standard Schlenk techniques.
Diethyletherused heravas dried with Na/benzophenone ketyl, distilled, degassed and stored
in the glovebox. Acetonitrile, dichloromethane, toluene, tetrahydrofuran, and pentane were
purified using a Grubbg/pe, two-column purification system (Innovative Technologies) and
stored over 4 molecular sievesAll other solvents were purchased from Alfa Aesar and used
without further purification. HTMTAA 24 (TMTAA)TiS0Y (OMTAA)VSO0O?» were
synthesized vigpreviously published synthetic roue The 5,10,15,2Qetraarylporphyrins
employed in this study are represented by the following abbreviations: TPP,
tetraphenylporphyrin;  TMP, tetrakis(dethoxyphenyl)porphyrin; TFP, tetrakis(4
fluorophenyl)porphyrin, TFMP, tetrakis((4trifluoromethyl)phenyl)porphyrin;  TNAP,
tetranaphthyl porphyrin. The free base porphyrinogen 5,10 48&te4kis((4
trifluoromethyl)phenyl) porphyrinogen is represented adHVP. Other commercially
obtained chemicals were used as receiNgphyrin ligandHx(P), (P = TPP, TMP, TFP,

TNAP, TFMP) were prepared following the method of Gonsalves @taald Sun et &’
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H2TPP (Yield: 0.70 g, 15%)H,TMP (Yield: 1.17 g, 21%)H.TFP (Yield: 2.08 g, 40%).

H>TNAP (Yield: 0.75 g, 12%)H>TFMP (Yield: 1.76 g, 26%)Porphyrin ligand metallation is
performed according to the method devetbpg Groves and coworkdef$Cr(TPP)CI (Yield:

0.99 g, 89%). Cr(TMP)CI (Yield: 1.27 g, 97%). Cr(TFP)CI (Yield: 1.23 g, 99%). Cr(TFMP)CI
(Yield: 1.41 g, 91%). Yield of GTNAP)CI: 1.42 g, 99%, UV/Vis (CECl)) ,max(@n m) ~ (U (M
lemt)), 395(3160), 454(17000), 524(6600), 567(10200), 605(7400), 635(7400), HFBVS

(M%) : ¢ a | 6HEsCrNs B6d.2340Cfound: 864.2316.

Measurements.Electronic absorption spectra (EAS) wereareled using an Olis RSM1000
spectrophotometavith a 1mmcuvette ATR-FTIR spectra were obtained on a Bruker Vertex

80V infrared Spectrometer equi pped wi t h a
Electrospraylonization Mass Spectrometryanalyss were carried out oa Thermo Fisher

Scientific Exactive Plus MS spectrometer using Heated Electrospray lonigd&S1) with

the compounds dissolved in dichlorometha@gystal structures were determined by single

crystal X-ray diffraction using Buker-Nonius X8 kappa Apex Il diffractome wi t h Mo KU
radiation (& = 0.71073j) at 110(2) K. Crys:
(SHELXS97) and expanded using difference Fourier techniques. The structures were refined
with SHELXL-2013 using fulmatrix leastsquares calculationsinless otherwise noted ihe

ESI, hydrogen atom positions were placed in chemically reasonable positions and refined using
geometric constraints using a riding models{Wf 1.2 or 1.5x parent atom depending on
context).H atoms participating in hydrogen bonding were refined freely unless otherwise

stated.

23



Synthesis of bimetdic complexes

(TMTAA) T i BQ(TPP)CI (1). (TMTAA)TiSO (50.0 mg, 0.12 mmol) and Cr(TPP)CI

(86.0 mg 0.12 mmol) were added to 12 mL of adcétonitrile:toluene mixture in a 50 mL
Tefonseal ed Schlenk fl ask and heated at 80 eC
to room temperature and was filter e'diméro r emo
(4). A fine green powdewas obtaned by filtrationafter removal of the solvem vacuo The

final product was obtained after recrystallization via layered diffusion of pentane (15 mL) into

a dichloromethane (3 mL) soluton & 5 e C. Yield after recrysta
UV/Vis (CHCl) ma{( N m) “fcridh), 348 (44400), 396 (51800), 430 (31400), 452
(115500), 526 (5400), 581 (8600), 618 (14000), 634 (8000), ATR/RIri=s3(cm'): 903(s).

Anal . c aHHuCICdNsOfTd rA 0I5 C,189.52; H, 4.47; N, 9.75. Found: C, 70.27;

H, 4.52; N, 9.66. HRMESI (M") c a | ceblsdCrNgQTir 1070.2987. Found 1070.2978.

(TMTAA) T i BQ(TMP)CI (2) . The compound was synthesized and purified by following

a procedure similar to that described abovelfasing Cr(TMP)CI ( 101.0 mg 0.12 mmol),

(TMTAA) Ti ©0 (50. 0 mg, 0.12 mmol ) and -rdy2 mL 1
guality crystals were obtained via vapor diffusion of pentane into a solution of 6 mg of this

solid in 0.5 mL dichloromethane. Yieddter recrystallization: 74.9 mg, 50%. UV/Vis (&El,),

amax ( N M) Tcrdh), (340(54600), 396(64800), 454(182600), 524(7500), 572(12300),
612(15700). ATR/FTl Rriz3(cm®) : 903 . An aHssCICNgObTd AdOGIHD, r  C
65.02; H, 4.61; N, 8.54. kmd: C, 65.19; H, 4.71; N, 8.75. HRMSSI (M) calcdéd fc

C70HseCrNgOsTi: 1190.3409. Found: 1190.3389.
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(TMTAA) T i B@Q(TNAP)CI (3). The compound was synthesized by following a
procedure similar to that described abovelfarsing Cr(TNAP)CI ( 110.8 mg 0.12 mmol),

(TMTAA) Ti ©0 (50. 0 mg, 0.12 mmol) and 53 mL 1:
can be obtained as a precipitate when cooled to room temperature. The resulting solid was
purified similarly tol. Yield after recystallization: 114.0 mg, 71%. UV/Vis (CBl2) ,max &

( nm) (*drt)), 346 (63100), 395 (71900), 458 (158700), 525 (13000), 575 (14900), 623
(176004), 640 (13200). ATR/FT R 1=8 (cm?) : 916 . Anal . cal
Cs2HssCICrNgOsT i A 0 2CB: C,H3.12; H, 4.83N, 8.27. Found: C, 73.42; H, 4.88; N, 8.53.
HRMSESI (M) ¢ al aBl®CrNeQTic 1270.3613. Found: 1270.3622.

(OMTAAVO h Ty Nb ¢ q@t (OMTAA) VOO (50. 0 mg, OMRAl@Mamng ) and
0.11 mmol) were added to 5 mL of a 1:1 acetonitrile:toluene mixture in a 50 mL -Befded
Schlenk flask and heated at 80 eC for 12 h.
temperature and was filtered to remove side pradéctine green power was obtained from

the filtrate after removal of the solvent in vacuo. The final product, which israfy/Xjualty,

was obtained after recrystallization via layered diffusion of pentane (15 mL) into a
dichloromethane (3 mL) solution a2 5 . ¥i€ld after recrystallization43.6 mg, 28.2%%.

UV/Vis (CH2Cl) ma N m) “Ycridh), (324 (38300, 377 (53500), 393 48500, 446

(1600), 519 (4000), 52 (9400),599 (6900). AT R/ F TdoRm™ 933(s).Anal . <cal co
for C74Hs4CICrFi2NsO V 0.8CH,Clz: C,60.58 H, 3.75; N, 7.59. Found: C60.16; H, 3.63; N,

7.67. HRMSESI(M") ¢ a | c8laCICrFoNsOVC1401.3068 Found #01.3049
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Synthesis oftrimetallic complexes
[ ( TMTAAXTI(MTRHBLODTI ( TMT AMN.)The@bdbmpound was synthesized by

following a procedure similar to that described abovelfosing TMTAA) Ti 80 (50.0
0.12 mmol), Cr (TPP)CI (43.0 mg 0.062 mmol) and 5 mL 1:1 acetonitrile:toluene mixture.
After reaction, solidt was collected out of th mixture by filtration. The resulting solid was
purified similarly tol. Yield after recrystallization: 52.3 mg, 56%, UV/Vis (&Fb) mar~

( nm) (b)) 344 (75300), 390 (83000), 423 (38600), 456 (79800), 527 (4700), 582
(6800), 616 (9200), 636 (500 ATR/FTI Rt (cm®) : 901(s). Anal
CsgH72CICrN1202TizA 1 GCGHb: C, 66.91; H, 4.67; N, 10.52. Found: C, 66.16; H, 4.64; N, 10.96.
HRMS-ESI (M") ¢ al aélaCrNw0:Tiz: 1@76.4260. Found 1476.4279.

[(TMTAA) Ti BYQ(TMP)Y O3 TTMTAA)ICI (5). The compound was synthesized

and purified by following a procedure similar to that described abovudsing Cr(TMP)CI

( 50.5 mg 0.062 mmol), TMTAA) Ti B0 (50.0 mg , 0.12 mmo |
acetonitrile:toluene mixture. Yield after recrystallizatiob: ®mg, 65%, UV/Vis (CECI2) mag-

( nm) “enth): 8449 (70300), 390 (89000), 423 (31700), 458 (98000), 533 (4600), 586
(7100), 620 (14300), 636(12400). ATRFTR 1= (cm?) :  900(s). Anal
Co2HsoCICIrN1206TizA 4 GGHb: C, 65.02; H, 4.81; N9.78. Found: C, 64.94; H, 4.77; N, 9.97.
HRMS-ESI (M") ¢ al oblg@CrNi0eTiz: 1696.4682. Found 1596.4702.

[(TMTAA) T i WQ(TFP)Y O 8 TTMTAA )]CI (6). The compound was synthesized and
purified by following a procedure similar to that described abové tming Cr(TFP)CI (47.5

mg 0.062 mol), TMTAA) Ti 90 (50. 0 mg, 0.12 mmol) and

mixture. Yield after recrystallization: 47.0 mg, 48%, UV/Vis () ,max(@n m) nd ( M
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1)): 341 (71600), 391 (77400) 417 (47200) 455 (86000)(6260), 579 (9000) 616 (11300)

636 (7700). ATR/FTI Rri=gcm?) : 901 ( s) . #AHwelICFENgOsTIAH0@MH:f or C
C, 55.59; H, 3.91; N, 8.36. Found: C, 55.94; H, 4.16; N, 8.41. HEGEB5(M") cal cdéd fc
CagHesCrRaN1202Tio: 1548.3883. Found.548.3857.

[(TMTAA) T i BQ(TFMP) Y O 8 TTMTAA )ICI (7). The compound was synthesized

and purified by following a procedure similar to that described aboveusing Cr(TFMP)CI

(475 mg 0.062 mmol), TMTAA) Ti 90 (50.0 mg , 0.12 mmo |
acetonitriletoluene mixture. Yield after recrystallization: 45.0 mg, 46%, UV/Vis {Clp),

amax ( N'M)  “fcrdl)), (344(80700), 392(81100), 425(39400), 454(95100), 529(4200),
576(8500), 613(9600). ATR/FT R T8 (cm) : 899 (s). Anal . ¢
Co2HesCICIF12N120:Ti2A.5CH:Cl2: C,60.8Q H, 381; N, 9.20. Found: C59.96; H, 3.93; N,

921 HRMSESI(M") ¢ a | obledCrHML0-TiE€ 1748.3755. Found: 1748.3729.

[(TMTAA) T i BQ(TPP)Y O 8 T TMTAA )]SbFs (8). The compound was synthesized

and purified by following a procedure similar to that described above4.foUsing

(TMTAA) Ti 80 (50.0 mg, 0.12 mmol ), GHISMRP) Cl (
0.068 mmol) and 8 mL 1:1 acetonitrile:toluene mixture | &dter recrystallization: 54.2 mg,

53%, UV/Vis (CHCl2) ma2( n m) “enth), G48(44200), 390(52700), 424(22900), 456

(56400), 530(3200), 585(4700), 621(8100), 635(7200). ATR/Ar-8(cm?®) : 9@k (s), 3
(cm?) : 653, An agHCrReNaD:$bdpd 1 6Gh:rC, 59.45; H, 4.15; N, 9.35.

Found: C, 58.66; H, 4.05; N, 9.68. HRMESI (M") ¢ a | aeblaCrNi20:Tiz: 1@76.4260.

Found 1476.4258.
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[(TMTAA) T i BQ(TMP)Y O 8 TTMTAA )]SbFs (9). The compound was synthesized

and purified by following a procedure similar to that described abovudsing Cr(TMP)CI

(50.5 mg 0.062 mol),TMTAA) Ti 90 (50. 0 mg,hs(105nY,D.068 mmal)) |, N
and 8 mL 1:1 acetonitrile:toluene mixture. Yialider recrystallization: 48.7 mg, 44%, UV/Vis
(CHCl)) map( n m)  tcitu?), (385(48600), 391(59400), 422(26200), 459(59300),
531(3700), 585(5500), 620(9000), 635(6800). ATRIFRti-g(cm?) : 9 Os&(cerd):, 3
658cm’, Anal . oHaCreNLDsSHTRAr4 GOt C, 53.06; H, 4.08; N, 7.74. Found:

C, 52.88; H, 4.13; N, 7.97. HRMBSI (M") ¢ a | coBlgdCrNi20sTi2: 1696.4682. Found
1596.4670.

[(TMTAA) T i BQ(TFP)Y O 8 T TMTAA )]SbFs (10). The compound was synthesized

and purified by following a procedure similar to that described abov4 dsing Cr(TFP)CI

(47.5 mg 0.062 mmol),TMTAA) Ti 80 (50. 0 mg, @751y, OGBmMoO I ) ,
mmol) and 8 mL 1:1 acetonitrile:toluene mixture:ragy quality crystals were prepared
similarly to 2. Yield after recrystallization: 42.9 mg, 40%, UV/Vis (§82) ma{ nm) (U ( M
lemt)), 347(54181), 391(58700), 424(32000), 454(62400), 526(5400), 577(7000), 613(8400),
635(6300) . A rshldgCrRiNa@Budiild GG, 5201; H, 3.61; N, 8.94.

Found: C, 52.04; H, 3.54; N, 8.77. ATRHFTRri=s3(cm?) : 8 sk (car)):,654am’.
HRMS-ESI (M) ¢ a | adbldCrRNe®-Ti2C1548.3883. Found. 1548.3857.

[(TMTAA) Ti BQ(TFMP)Y OB TTMTAA )|SbFs (11). The compound was
synthesized and purified by following a procedure similar to that described abevediog
Cr(TFMP)CI (60.3 mg 0.062 mmol)TMTAA)TiS0O (50.0 mg, 0.12 mmol), NaSb@7.5

mg, 0.068 mmol) and 3 mL 1:1 acetonitrile:toluene mixture. Ya#ler recrystallization: 43.5
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mg, 37%, UV/Vis (CHCl) ma@( n m) “ent}), 34v(60700), 391(60000), 424(33000),
454(66000), 527(3700), 578(5800), 612(6100). ATRIFRti-=g3(cm?) : 9 Gl (cwd):, 3
657cm’.  Anal . @HeCrEddOTi-CH,Clz C,49.6Q H, 330; N, 7.23. Found:

C, 4913 H, 363, N, 6.53. HRMS-ESI (M) Cc al cofH&CrRwN IO TIE 1748.3755.
Found: 1748.3729. HRMESI(M) c al c &:@34838. Fo8ru:234.8938.

[(OMTAAV, Of Cr(TPReO, V(OMTAA]Sbk (13). The compound was synthesizadd purifiedby
following a procedure similar to that described above Tousing two equivalents of
(OMTAA)VO 0O(50.0 mg, 0.11 mmol), one equivalent of Cr(TPP)G4.6mg 0.4 mmol)

and 1.1 equivalents daSbF (17.5 mg, 0.08 mmol). X-ray quality crystals were obtained
via vapor diffusion of pentane into a solution of dichlorometraimeom temperaturé/ield

after recrystallization60.9 mg, 62%, UV/Vis (CHCl) ma2f n m) (*dint)X 379 (46300),

386 (55400, 408 (66000, 464 (33700, 535 (5600, 576 (7100), 613 (83M0), 636 (6300).
ATR/ Fldo®m'E912( s ) . An al oHseCrBsN1OBN,, G, 86177 HC4.28; N,

8.11 Found: C,56.10; H, 4.04; N, 8.40. HRMS-ESI (M") c al cd@HdsCrN10V2: C
15945432 Found 5945423

[(TMTAATI® h Ty Nb ¢ OtVOMBAA)SbE14). The compound was synthesized in a sequential two
step, onepot procedure utilizing methods similar to those described abové. for the
glovebox, equimolar amounts GFiMITAA)TI©O ( 50. 0 mg, d@(TPPXI (860l ) a
mg 0.12 mmol) were added 1@ mL of a 1:1 acetonitrile:toluene mixture in a 50 mL Teflon
sealed Schlenk f | ask dadlowind thisdtep,dneequivae® ofe C f
(OMTAA)VO O(57.2 mg, 0.12 mmolandl1.1 equivalents of Ndfs (35.0mg, 014 mmol)

were added into mixture and the reaction is stirred for an additionad 12 h 8 The spl@ion
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was then cooled slowly to room temperatanelwas filtered to removside productsAfter

filtration, afine green powder was obtaith after removal of the solvantvacuo The resulting

solid was purified similarly td.. X-ray quality crystals were obtained via vapor diffusion of

pentane into a solution of dichloromethateoom temperaturé&ield after recrystallization:

85.6mg, 39.2%. Attempts to mak8 in a single step by adding all of the starting materials at

once yielded a mixture of the Ti only (compouBdin reference5) and V only @)
heterotrimetallic compounds as identified by B8%. UV/Vis (CHCl) ma® n m) (dv ( M

1)): 344 66900, 389 (65800), 423 (38600), £5(51000), 55 (5800), 574 (7700), 65 (9100),

635 (730 0) . AT RéF(@MHR 928(s), 31i adecm?): 911(9 . Anal . cal cd
Co2HsoCrFeN1202S b T D.5CKH,.Cly: C, 61.16; H, 5.00; N, 9.35. Found: C, 6.22; H, 450; N,

9.26. HRMSESI (M") ¢ a | oBlgdCrN0-TiV: €56354845 Found 5354857

2.5 Crystal Structures

All crystals for XRD study were obtained by vapor diffusion of pentane into a
dichloromethane solutioat-20 €. The chloride salts of trimetallicomplexes4-7) leads to
unsolvablecrystals due tdadly disordered chloride and solvenblecules Using SbFs not
only increases the stability of trimetallic complex@41, but alsofacilitatesthe growth of
crystals suitable for XRD measurement.

The ciystal structure o2 shows aimetallicstructure(TMTAA) Ti 80 coor di nat
the axial position of Cr(TMP)Clorming a unsupporteoikido kridge. An interesting feature
for all heterometallic structures that the TMTAA ligand undergoes a completeaddle
inversion when comared to the structure of (TMTAAT i B®uchligand geomey change

has been observed beforen the structurall similar bimetallic compound
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(TPP) GrFie@ T MTrebakted by Westt Complex2 has a Ti 80 bond |
1.6829(16)Table2l)andCr O bond | ength of 1.9413(15) j,
between Cr center and Oxido The Ti 1T O1 Cr bond angle i s nee
176.99(11)° which is consistent with a structurnsinfluence?® 3° For thestructue of

trimetallic complexed0and13, two (TAAIMBO gr oups are coordinate:q
center I n a staggered geometry. 1l0fareeamdsto nd | €
identical to those observed far The crystal structure diimetallic specied2 indicates that

the Cr(lll) porphyrin and (OMTAA V8O are canvVi@OVY@d byt the act i ol
V1 OT kbnd angle nearly linegd79.10(15)y. For the unsymmetric specidd, a similar
staggeredgeometry is observedvh er e ( TMTAA) Ti 90V aah da r(eO MarxAiAa

connectedo the Cr(lll) at different sides of the porphyrin ligand

Table 2.1 Selected structural parameters 2and10

Crystal Data 2 10

Cr-Cl distance (A) 2.3577(6) n/a

Ti-O distancdA) 1.6829(16) 1.683(3)
Cr-N avg. distance (A) 2.0324(19) 2.027(3)
Ti-N avg. distance (A) 2.037(2) 2.033(3)
Cr-O distance (A) 1.9413(15) 1.938(3)
Ti-O-Cr angle (J 176.99(11) 178.18(18)
O-Ti-N avg. angle (j 109.35(8) 109.23(13)
O-Cr-N avg. angl€j 88.96(7) 90.00(12)
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Table 2.2 Selected structural parameters 1@r14.

Crystal Data (OMTAA) VO 12 13 14
Vi O di st anc1.6120(8) 1.640(2) 1.649(4)  1.644(4)
CriN avg. din/a 2.025(3) 2.026(5)  2.023(4)
VI N avg. di «2.0280(09) 1.996(3) 1.997(5) 2.003(5)
1.954(4%
Cr1 0O distanin/a 1.964(2) 1.943(4)
1.929(4%
Vi Oi Cr angl (n/a 179.10(15) 177.5(3) 177.3(2)
OT VI N avg. 108.82(4) 108.18(11) 107.94(2) 107.96(19)
O CriN avg. nla 88.47(10)  89.98(18)  90.00(16)

Table 2.3 Crystal data and structure refinement detail2for

Ccdc number 999173

Empirical formula C72Hs2ClsCrNgOsTi
Formula weight 1396.44
Temperature/K 110.1

Crystal system

orthorhombic

Space group P212121

alA 16.0177(7)
b/A 19.5409(8)
c/A 20.1114(9)
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Table 2.3 Continued

u/ A 90

b/ A 90

2/ A 90
Volume/A3 6294.9(5)
z 4

} calcg/cm? 1.473

e/ mm 0.573
F(000) 2884

Crystal size/mn?

0.876 x0.285 x0.174

Radiation

MoKU (& = 0.71073)

2U range for data c

3.2510 62.844°

Index ranges

23 O KR8 @3*& 90 L7,

Reflections collected

140213

Independent reflections

20785 [Rnt = 0.0338, Rigma= 0.0259]

Data/restraints/parameters 20785/0/883
Goodnessof-fit on F? 1.043
Final R indexes [ | >R=0.0347, wR=0.0892

Final R indexes [all data]

R1=0.0416, wR = 0.0936

Largest diff. peak/hole / e A3

0.78£0.54
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Figure 2.3 Crystal structures df with thermal ellipsoids drawn at 50% level. Hydrogen atoms
have been omitted for clarity.
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Table 2.4 Crystal data and structure refinement detailslfor

Ccdc number 1000580

Empirical formula CssHesN1202F10Ti2CrSb
Formula weight 1785.09
Temperature/K 110.1

Crystal system monoclinic

Space group P2/n

a/A 16.0036(8)

b/A 24.1922(10)

c/A 23.4013(12)

us/ A 90

b/ A 92.667(2)

o/ A 90

Volume/A3 9050.3(7)

Z 4

J calcg/cm? 1.31

e/ mm 0.654

F(000) 3620

Crystal size/mn? 0.345 x0.299 x0.151
Radiation MoKU (& = 0.71073)

2U range for dat a c 3.018to54.094°

Index ranges 20 O K00 @ k90 (B a,
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Table 2.4 Continued

Reflections collected 135401

Independent reflections 19818 [Rat = 0.0426, Rgma= 0.0307]
Data/restraints/parameters 19818/0/1053

Goodnessof-fit on F? 1.054

Final R indexes [ | >R:=0.0676, wR=0.1528

Final R indexes [all data] R1=0.0894, wR = 0.1669

Largest diff. peak/hole / e A3 1.98£3.50

Figure 2.4. Crystal structures 010 with thermal ellipsoids drawn at 50% level. Hydrogen
atomshave been omitted for clarity.
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Table 2.5 Crystal data and structure refinement detailslor

Ccdc number 1049246

Empirical formula CgoHssCl13CrF12NsOV
Formula weight 1947.20
Temperature/K 110

Crystal system orthorhombic

Space group P-1

a/A 13.1820(5)

b/A 13.6961(6)

c/A 27.0875(11)

u/ A 101.953(2)

b/ A 95.065(2)

2/ A 108.123(2)
Volume/A3 4485.3(3)

Z 2

} caleg/CcIT? 1.442

e/ mm 0.685

F(000) 1972.0

Crystal size/mn? 0.568 x0.391 x0.274
Radiation MoKU (& = 0.71073)

2U range for dat a c4.6741052.904°
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Table 2.5 Continued

Index ranges 21 O 226 O k280 @ 6l,
Reflections collected 102867

Independent reflections 18323 [Rit = 0.0428, Rgma= 0.0387]
Data/restraints/parameters 18323/0/1092

Goodnessof-fit on F2 1.044

Final R indexes [ | >R:=0.0556, wRkR=0.1421

Final R indexes [all data] R. = 0.0840, wir= 0.1655

Largest diff. peak/hole / e A3 0.958£1.005

Figure 2.5. Crystal structures 0i2 with thermal ellipsoids drawn at 50% level. Hydrogen
atomshave beemmitted for clarity.
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Table 2.6 Crystal data and structure refinement detailsl®r

Ccdc number 1049245

Empirical formula C100H96ClsCrFsN1202SbV-
Formula weight 2171.11

Temperature/K 100

Crystal system

orthorhombic

Space group P2/c

alA 19.3129(7)
b/A 22.2548(7)
c/A 24.0941(9)
u/ A 90

b/ A 107.631(2)
o/ A 90
Volume/A3 9869.3(7)
Z 4

J calcg/cm? 1.461

e/ mm 0.845
F(000) 4428.0

Crystal size/mn?

0.716 x0.598 x0.296

Radiation

MoKU (& = 0.

71073)

2U range

4.716 to 51.510°

Index ranges

23 O R70 @3*& 90 @7,
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Table 2.6 Continued

Reflections collected 108776

Independent reflections 18697 [Rnt = 0.0837, Rgma= 0.0466]
Data/restraints/parameters 18697/1/1251

Goodnessof-fit on F? 1.081

Final R indexes [ | >R:=0.0826, wR=0.1924

Final R indexes [all data] R1=0.1166, wR=0.2278

Largest diff. peak/hole / e A3 1.19£1.60

Figure 2.6 Crystal structures oi3 with thermal ellipsoids drawn at 50% level. Hydrogen
atomshave been omitted for clarity.
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Table 2.7 Crystal data and structure refinement detailsltbr

Ccdc number 1049247

Empirical formula Co2HgoCrReN1202ShTiV
Formula weight 1772.27
Temperature/K 110

Crystal system orthorhombic

Space group P2J/C

a/A 18.4365(8)

b/A 22.6229(10)

c/A 24.1293(10)

us/ A 90

b/ A 108.861(2)

o/ A 90

Volume/A3 9523.6(7)

Z 4

J calcg/cm? 1.236

e/ mm 0.629

F(000) 3624

Crystal size/mn? 0.506 x0.465 x0.120
Radiation MoKU (& = 0.71073)

2U range for dat a c4.876to50.568°

Index ranges 21 O R60 @212 80 4,
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Table 2.7 Continued

Reflections collected 203167

Independent reflections 16810 [Rnt = 0.0409, Rgma= 0.0229]
Data/restraints/parameters 16810/11/1109

Goodnessof-fit on F? 1.150

Final R indexes [ | >R:=0.0774, wR=0.1933

Final R indexes [all data] R:1=0.1012, wR=0.2122

Largest diff. peak/hole / e A3 0.82£1.01

Figure 2.7 Crystal structures o4 with thermal ellipsoids drawn at 50% level. Hydrogen
atomshave been omitted for clarity.
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Table 2.8 Crystal data and structure refment details for (OMTAA)VO.

Ccdc number 1049244
Empirical formula C27H32CI2N4OV
Formula weight 550.40
Temperature/K 110

Crystal system

orthorhombic

Space group P-1

alA 8.5779(7)
b/A 12.0788(10)
c/A 12.8219(10)
u/s A 79.362(4)
b/ A 78.253(4)
o/ A 79.424(4)
Volume/A3 1263.52(18)
Z 2

} calcg/cm® 1.447

e/ mm 0.633
F(000) 574

Crystal size/mn?

0.575 x0.320 x0.212

Radiation

Mo KU

(e« = 0.

71073)

2U range

f

or

dat a

¢ 4.908 to 78.398°

Index ranges

-12

O hL 80 QL %1 90 Ol 9,
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Table 2.8 Continued

Reflections collected 43863

Independent reflections 9191 [Rnt = 0.0147, Rgma= 0.0205]
Data/restraints/parameters 9191/0/343

Goodnessof-fit on F? 1.057

Final R indexes [ | >R:=0.0330, wR=0.0959

Final R indexes [all data] R1=0.0355wR> = 0.0981

Largest diff. peak/hole / e A3 0.58£0.81

Figure 2.8 Crystal structures ofOMTAA)VO with thermal ellipsoids drawn at 50% level.
Hydrogen atombfave been omitted for clarity.
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2.6 Electronic Absorption Spectroscopy

The EAS spectraf 1-14c o mbi ne t he feature of Cr (P)ClI
The (TAAAMDO based abs oarepassigoed at f3@0ad 400neegion. The
absorption at 450 nm is assignedSasetband originating fom the Cr(P)CI component. The
( TAA) MODO based bandshiftedugon ordinationf to theaahrorhiym r e d
center. In the trimetallic specid®e relative instensities of such bands are greater than that for
the corresponding bimetallic species.

Solid state ATRFTIR spectrum of TMTAA)Ti © Oand (OMTAA)VO showsa single
sharp band around 920n?! and 970 cr, respectively. These bands @es s i grredb t o 3
and 3ve 62° For each heterometallic comple%-14), these stretcheshows ared shiftand

located between 916 chto 894 cmt, which confirms the formation of@ido bridge When

the oxido interacts with chromium it weakenstM9 O b on d, presuamd bl y th
donation from the oxiddo the chromiuncenter T hu s, a | atigmpliesaed shi
stronger OYCr i neseesysemBh @s. a Apmangi ¢ tdatve | v we

bond, which is rationalized by the steric effect of the bulky naphthyl substituents on the
porphyrin. Although the ot hregweare abletloebseve h av e
electronic effects from the porphyrin substituents. For example, electron donating substituents

such as methoxy9f, weaken the dative interaction between the chromiumoaiab bridge

resul triom®9 é¢mh Electron wihdrawing substituentsuch as fluoro1(), display a

stronger dative interaction withr i sat 894 cmt. For complexes$-11, an additional peak

around656cmi s observed, wdd’ch is assigned to 3
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2.7 Conclusion

In this chapter, éterobinetallic (1-4, 12), heterotrimetallic (5-11, 13), and
unsymmetric heterotrimetallicomplexesl4, containing(TMTAA)Ti 80, (OMTAA)VS0
andCr(P)Cl, are synthesized via dative interactions between oxido bridge and Cr metal center.
These new structures are characterized by electronic absorption spectroscdpy, FT
spectroscopy, mass spectroscopy, and single crysayXdiffraction. Their absorption
gpectra combine the features from both (TAAM (300 nm to 400 nm) and Cr(P)CI
component (450 nm). FIR spectra display of reshift of MSO stretch due decreasing of the
bonding electron density. Atholeculegpossess a neadipearM8OY Cr ge o mdher vy, Wi
bond | ength of &DraNd@ gdometrygchange bdeuaing orMIAA ligand. This
serie of strucutres successfully expand the database of heterometallic specis and it provides a

good model for understanding the intramolecular mettal interacon.
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Chapter 3 d*-d* Oxido Bridged Heterobimetallic Complexes
Containing V'V: A New Direction for Metal-to-Metal Charge

Transfer

The work in this chapter is published in Inorganic Chemistry.

Wu, X.; Huang, T.; Lekich, T. T.; Sommer, R. D.; Weare, WINgrg. Chem 2015 54, 5322.

3.1 Abstract

Heterobimetallic complexescomposed only of firstow transition metals
[(TMTAA)V V8 O Y MPysMe;](OTf)2 (TMTAA = 7,16-dihydro-6,8,15,1#etramethyldi
benzo[b,i][1,4,8,11]tetraazacyclotetradecine; sNkg» = 2,6-bis(1,Xbis(2-pyridyl)ethyl)
pyridine; M = Md', Fé', Cd', Ni'", Cu'; OTf = Trifluoromethanesulfonate), have been
synthesized through a dative interaction betwaeégrminal oxid andM" metal centes. This
is the first series of ¥8 O Y M heterobimetallic complexes containing an unsupported oxido
bridge.Among thesdive conplexes onlyV'Ve O Y F' ¢3b) has aclear new absorption band
upon formation of thelinuclear species 5 0 2 n m, M0m?x: This fediude is assigned
to a metato-metal charge transfer (MMCT) transitifrom V'V to Fe', which forms avV-O-
Féd excited state. This assignmensigported by electrochemical data, electronic absorption
profiles and resonance Raman spectroscopy and represents the first report ofighsible
induced MMCT in a heterobimetallic oxido bridged molecule where the etectrginates on

a d metal center.
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3.2 Introduction

Heterobimetallic oxido bridged complexase an importantarea oftransition metal
chemistrydueto the unique reactivity that can result frahe presence dfvo distinct metal
centerst Molecular systms containinga M1-O-M; fragment havéoeen successfully applied
as cooperative catalystsr alcohol oxidatior?, olefin polymerizatiod and CQ reduction*®
Light-driven charge separated excited gtatduced byintramolecular metalo-metal charge
transfer (MMCT) are also possibleand have been shown in the sedidte to drive
photochemical processesich asartificial photosynthesi$!* Redoxactive heterobimetallic
molecules that contain unsupported oxido bridges are a continued area of iAitéresvever
no molecular systems have been definitively shown that possess-igibieduced MMCT
transitions'® In recent decades a few oxido bridged complexes containing vanadium have been
developed®?! However, structurally characterized memxido bridged heterobimetallic
complexes containing'V remain rareg? 23

This chapter coversa straightforward synthesis of unsupported oxido bridged
heterobimetallic complexes containivg’@ O Y M (M = Mn, Fe, Co, Ni and Cu)using
(TMTAA)VS O (1) (TMTAA = 7,16dihydro-6,8,15,17tetramethyldibenzo[b]
[1,4,8,11]tetraazacyclotetradecjnand [M"PyMe2](OT). (2a-€) (PyMe: = 2,6-bis(1,x
bis(2pyridyl)ethyl)pyriding as precursorsThese compounds can serve as structural and
functional models forphotochemically important solstate MMCT chromophoresThe
formation of these five new speci€&a{e) has been confirmed by UV/Vis, XRD, FTIR, ESI
MS, and cyclic voltammetry. The magnetic measurements are also performed to all five

structures using a SQD magnetometer to probe the interaction between metal centers.
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Among these heterobimetallic complexes, we find that %8 O Y F'€3b) has a new,

broad feature in the electronic absorption spectra at 49@hich is sufficiently described by

two Gaussan curves centered at 455 nm and 502 nmh#e identified that the low energy

portion of this feature is a visibleght induced MMCT transition, where the electron originates

from the d vanadium center and is transferred td,Feducing it to Fein the excited state.

This assignment is supported by electrochemistry and resonance Raman (rRaman)
spectroscopywi t h only the VYFe transitionendérgyi ng coc
excitation. This result is an unusual example of an MMCT transitidrene the electron

transfers from an early to late metal, with all previous studies examining excited states where

there is reduction of the early transition metal (such #s*fand zf).

3.3 Experimental Section

General Considerations.All of the reactions described were carried out in an Innovative
Technology glovebox or under an atmospheimtrogen using standard Schlenk techniques.
Acetone was dried with CaSCand distilled prior to use. Diethylether was dried with
Na/benzophenme ketyl, distilled, degassed and stored in the glovebox. Acetonitrile,
dichloromethane, toluene, tetrahydrofuran, and pentane were purified using a-gpghbs
two-column purification system (Innovative Technologies) and stored ovemblecular
sieves. All other solvents were purchased from Alfa Aesar and used without further
purification. HTMTAA 24 (TMTAA)VS80,2 PysMe2,2® metal precursors (for Mn, Fe and
CoY’ and metal coordinated Fle; complexe& were synthesized vigreviously published

syntheticroutes. Tetran-butylammonium hexafluorophosphate (TBAHFP) used for cyclic
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voltammetry was recrystallized from ethanol and dried under vacGtmer commercially
obtained chemicals were used as received.

Measurements.Electronic absorption spectra (EA8gre recorded using an Olis RSM1000
spectrophotometavith a 1mmcuvette ATR-FTIR spectra were obtained on a Bruker Vertex
80V I nfrared spectrometer equi pped wi t h a
Electrospraylonization Mass Spectrometryanalyss werecarried out ora Thermo Fisher
Scientific Exactive Plus MS spectrometer using Heated Electrospray lonigdsi) with

the compounds dissolved in dichloromethane that had been dried as previously described.
Electrochemical data were acquiredder anaerobic conditiongsing a BioLogic S200
potentiostat with glassy carbon e working electode, Ag/Ag as the reference electrode

and a Pt wire counter electrode. Cyclic voltammograms welgainedin a nitrogen
atmosphere and referenced to eddFc/F¢ (0 V) in 0.01 mM TBAHFP dichloromethane
solution.Crystal structures were determined by singlsstal X-ray diffraction using Buker-

Nonius X8 kappa Apex Il diffractorte wi t h Mo KU radiation (& =
Crystal structures wer@led by direct methods (SHELX%/) and expanded using difference
Fourier techniques. The structures were refined with SHERB1L3 using fulmatrix least
squares calculatiorf8 Unless otherwise noted ihe BSI, hydrogen atom positions were placed

in chamically reasonable positions and refined using geometric constraints using a riding
model (Uso of 1.2 or 1.5x parent atom depending on context). H atoms participating in
hydrogen bonding were refined freely unless otherwise st&adhan spectra were @ded

using a custom built system comprised of a Princeton Instruments IsoPlane SCT 320

spectrograph and a PIXIS ©Ccamera with eXcelon technolodySamples were excited
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using a Coherent Innova 70C Ar/Kr ion laser. Semrock MaxLine laser line filtersitilered

to filter the excitatiors. The rRaman pump was reflected from a 90/10 beam splitter and
focused into the sample by a 10x microscope objective. Data was collected at a 180°back
scattering geometry. Th®aman signal was collimated by the samescioye, and Semrock
RazorEdge long pass filters were used to filter the Rayleigh scatter froRaiman signal in

the collection path. The signal was focused into an optical fiber using a 5x microscope
objective. Magnetic measurementsvere performedon a Quantum Design MPMXL7
SQUID MagnetometefThesaturation platweremeasured at 2 K with the applied field being
varied from 0~70000 oe. Temperatgependent magnetic susceptibilities were performed
from 2-300 K.

(TMTAA V8O0 (1) was synthesized using a n gnithod? with a modification in the
purification conditions A 15 mL portion of dry toluene was sparged for 20 min with
dinitrogen,at which timeH.TMTAA (300 mg, 0.871 mmol)pxidovanadiunmacetate (180 mg,
0.973 mmol) and tethylamine (88.1 mg,.871 mmo) were added. The resulting mixture was
heated at refluxor oneday, during which time a deep greprecipitate slowly formed. This
crude product was filtered out, washgdimeswith 3 mL of dry toluene, and dried under
vacuum. Column chromatagwhywith neutral alumina (5@00 meshyas usedo obtain the
purel, washingwith dichloromethan& remove unreacted ligafallowed by tetrahydrofuran

to elute the product as a green band. After the solvent was removed in teadid was
further died under vacuum at 80 A hQ'ypical yields for1 are30% (107 mg).UV/Vis
(dichloromethane)amax (nm) U (M1cm)): 308 (17800), 375 (45500), 416 (10208)TR-

FTIR: 3v-0 (cm?Y): 972.HR ESI MS ( M+) mHzNOV 09428, foind r C

67



409.122. Anal . el ANLOV:dC, 64.65; H, 6.42; N, 13.68. Found: C, 65.61; H,
5.55; N, 13.92.

[M"(PysMe2)](CF3SQg)2 (2a-26). Sun 0s  wo r J0)(PgMe,)][CEB@)Hwvas applied

and extended to the other four metals with minor modificafi®fual molar quantities
(0.450 mmol) of metal precurs@d, Mn(CFRS0s)2(CH3CN).. 2b, F{CFRS0s)2(CH3CN).. 2d,
Ni(CRS0s)2. 26 CUCRS(s)2.) were combined with Biez in 10 mL of anhydrous acetone.

The mixture was stirred at 20 for 12 h. After removinghe solvent under vacuum, the
resulting solid was washed with a minimum amount of acetone and dried under reduced
pressure. The products were used without further purification.

[(TMTAA JVBOY Mn(PysMe2)](CF3SOs)2 (3a). Equimolar quantities oflL (70 mg, 0.171
mmol) and2a (136 mg, 0.171 mmol) were added to 6 mL of toluene. The mixture was stirred
at 1003 for 12 h, during which time the mixture slowly turned browncolor. The product

was collectedver a fritedfunnel afterbeingcooled to room temperaturienwashedwith
minimum amount of toluenand dried under reduced presswgsulting in a light brown solid
Crystals suitable for Xay diffraction were obtained by slow diffusion of diethyl ether into a
dichloromethane solution 8&. Yield: 158 mg,77%. UV/Vis (dichloromethang ,max(en m) (U
(MZeml)): 308(17000, 375(44600, 418(9700. ATR-F T | R-o (cn3): 901. HR ESIMS

( M+) m/ z c aiHsMaNbOV]F" 04563.63p, Cfound 453.635A n a | . Cal cod
CsaHa7FeMNNoO7SV A860: C, 53.22; H, 4.23; N3.97. Found: C, 53.29; H, 4.20; N, 10.09.
[(TMTAA JVBOY Fe(PyMez2)](CF3S0s)2 (3b) was synthesized via a similar approacBBas
usingl (70 mg, 0.171 mmol) angb (136 mg, 0.171 mmol) in 6 mL of dry tolugrferming

an orangérown solid Crystals suitable foX-ray diffraction were obtained by slow diffusion
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of diethyl ether into a dichloromethane solution 3. Yield: 167 mg, 81%. UV/Vis
(dichloromethank , max &n m)  “er¥h): B (17700, 375 (41200, 417 (13200, 502

(1700. ATR-FTI Ro(cne): 903. HR ESI MS ( M+gHsFaM@V]*c al ¢ 0 d
454.13%, found 454.138.  Anal . GHudEedb®:S¥ AD: CC51.98; H, 4.03; N,

10.29. Found: C, 52.03; H, 4.19; N, 10.35.

[(TMTAA JVBOY Co(PysMe2)](CF3SOs)2 (3c) was synthesized via a similar approacBas

usingl (70 mg, 0.171 mmol) angc (140 mg, 0.171 mmol) in 6 mL of dry toluerferming a

light brown solid Crystals suitable for Xay diffraction were obtained by slow diffusion of
diethyl ether into a dichfomethane solution of3c. Yield: 153 mg, 74%. UV/Vis
(dichloromethang ,max(@n m) “¢n)): 80818100, 37543000, 4199500. ATR-FTIR:

3v=o0 (cm?) : 914. HR ESI MS ( MHuCoNe@Y]% 4556.688, dabii f o r
455.633.Anal . C asdHLFECONG; M A4 C, 51.85; H, 4.02; N, 10.26. Found: C,
51.22; H, 4.17; N, 10.27.

[(TMTAA JVBOY Ni(PysMe2)](CF3S0s)2 (3d) was synthesized via a similar approacBas

usingl1 (70 mg, 0.171 mmolknd2d (137 mg, 0.171 mmol) in 6 mL of dry toluefegming a
greenish brown solidCrystals suitable for Xay diffraction were obtained by slow diffusion

of diethyl ether into a dichloromethane solution 3d. Yield: 153 mg, 74%. UV/Vis
(dichloromethank ,max(@n m) “¢n})): 80K 7100), 37565400),4190600). ATR-FTIR:

3v=o0 (cm?) : 931. HR ESI MS ( BMHsNiNg®V]% 455188, doorndl f or
455.134. An al . C asdHeFeNINoCFSBVrA JaC C, 51.86; H, 4.02; N, 10.27. Found: C,

51.17; H, 4.05; N, 10.22.
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[(TMTAA JVBOY Cu(PysMe2)](CF3S0s)2 (36) was synthesized via a similar approaciBas
usingl (70 mg, 0.171 mmolkand2e (138 mg, 0.171 mmol) in 6 mL of dry toluefeming a
greenish brown solidCrystals suitable for Xay diffraction were obtained by slow diffusion
of diethyl ether into a dichloromethane solution 3 Yield: 162 mg, 78%. UV/Vis
(dichloromethane ,max(en m) ¢mJ)): BOKI19000, 37646500, 414(1050D. ATR-FTIR:
av=o(cm?): 921 .  An a bHaFClENOS dC, 52.d2; H, B.90; N, 10.38. Found:

C,51.19; H, 3.94; N, 9.98.

3.4 Results and Discussion

3.4.1Synthesis of W80 Y M' Complexes

@N HND
NH N

a. M =Mn, X = OTf
b. M = Fe, X = OTf
¢. M = Co, X =H,0
d. M =Ni, X = OTf
e.M=Cu, X = OTf

Figure 3.1 Scheme for synthesizirfgeterobimetallic complexeé&a-e. For complexeg, n =1
for 2a, 2b, 2d, 2eand n = 2 fo2c. For3e, CU' is five coordinate, with only four of the pyridyl
groups of the Rylez ligand binding to Cu, wigh is not schematically shown. Conditions: (i)
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oxidovanadium acetate, triethylamine, 24 h reflux in toluene. (ii) Corresponding metal
precursor in acetone at r.t. (iii) 12 h reflux in toluene.

Goedken and coworkers have previously reported ttesn actas a Lewis base to
coordinate oxophilic Lewis acids such as Bf)s and Si(CH)s.2° Here,1 is used similarly,
reacting with Lewis acidic first row transition metals to form heterobimetallic coordination
complexes. The Lewis acidic metals are supportethbyP¥Me, ligand, which has been
shown to accommodate metals of different atomic sizes in stable 2+ oxidatio?! statels
electrochemically silent over a wide potential raffy& These properties make it an excellent
ligand environment for studygnheterobimetallic photophysics. Moreover, theNRg ligand
has only one vacant site available for coordination by a Lewis base, preventing the formation
of polymetallic specie® Metallation ofH,TMTAA with oxidovanadiumacetate and Byle,
ligand with he corresponding Mprecursor results in complexgésind2a-e. We have found
that careful purification oflL using a basic alumina column is necessary for successful,
subsequent heterobimetallic formation. Combining equal molar ratibsued 2 in refluxing
toluene for 12 h gives the corresponding heterobimetallic produets the only isolable
product in good yields (~80%).

ESFMS was performed indichloromethanesolution as summarized in the
experimental section. Complexgsd clearly show theimolecularion peak corresponding to
[(TMTAA)V VaoY M"(PyMe2)]?* species,demonstrating their stability in solutiorn
contrast3eonly displays the twanononucleacomplexes, suggesting that th¥ Qu' dative
bond does not survive undéSFMS conditiors. However, the observation of a 60 ¢med

shift of the signaturgv o dn 3eis observed by ATHTIR, which in combination with the-X
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ray crystal structure and EA clearly indicate the formation of the heterobimetallic linkage.
(Table3.1, see Sl for conipte spectra). This red shift, which is present in all heterobimetallic
complexes, is due to coordination of thé benter to the oxygen via a dative interaction, an
example of this shift can be seen in Fig@r8Q This weakens the vanadium oxido bond.

Similar behavior is observed in oxido bridged systems containif@Q#° and TIV80 34 3°

Table 3.1 gv e Jor complex1 and3a-e.

Complex gv e dcml)
1 (VOO)Error! Bookmark not defined. 971
3a(VOOY Mn) 901
3b (VOOY Fe) 903
3c(VOOY Co) 914
3d (VBOY Ni) 931
3e(VOOY Cu) 921

3.4.2Crystal Structures

Crystalline materials of sufficient quality for XRD were prepared by vapor diffusion of
diethyl ether intalichloromethaneolutions.The structures daf and3a-e were determined by
single crystal XRay diffraction measuremenfwo examples3aand3e)are shown in Figure
3.2 Selected parameters are summarized in TaBleStructures foBb-d and detailed unit

cell information forl and3a-e areprovided in the SI.
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Figure 3.2 Crystal structures afomplex 3a (left) and 3e (right) with thermal ellipsoids drawn
at 50% level. Hydrogen atoms and counterions have been omitted for clarity.

This structural data allows for an understanding of unsupported oxido bridged
heterobimetallic V80OY M" complexes.3a crystallizes in thespace grougPl with two
molecules presemper unit cell, whereaib-d are monoclinid®2:/n with four molecules present
per unit cell. Structurally3a-d display a similar bonding pattern with the coordination
geometry around vanadiuandistorted squaskased pyramid (W'V-O around 119 and the

M'" center maintaining a pseudatahedral geometry (N(ed))"-O ~9C, Figure 3.2and Table

3.2). In 3¢ CU' is five coordinateforming anearlysquare based pyramidal geometidy
0.083)*¢ with one of the pyridyl arms of Byle; remaining uncoordinated (Figure R.Zhisis
due to significant Jahfieller distortion, as expected foddCu' center, in spite of the highly
rigid ligand environment® 3’ This effect alsdeads tathe observeghorterM-O bond length

in 3ewhen compared t8a, with the lower coordination number 8&leading to a shorter M
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O bond® In the case o8b, the shorter bond lengths around Bee consistent with a lospin
configuration. The influence of spstate has been observed for similar monometallic
complexes using the PYigand architecture, with significantly shorter bond lengths being
observed when antibonding orbitals are not occupied, such &slowespin Fé.31 3 This
low-spin configuration iproved by magnetic study. SQUID measurements indicate the low
spin character for the fE@enter in3b by showing a spin only magnetic moment of S = 1/2.
However, highspin configuration for PyMe> metal centers are observed 8#, 3c, 3d, 3e

All heterobmetallic complexes exce@b show a ferromagnetically coupling betweeh d

vanadium center and EMe> metal center.

Table 3.2 Selected structural parametersl@nd3a-e.

1 3a 3b 3c 3d 3e

Distances (A)

YAe) 1.6090(9) | 1.6578(12)[ 1.6571(19)] 1.6475(18) 1.6438(16)| 1.6513(12)

VV_N avg. | 2.0168(11)| 2.0087(17)] 2.009(2) | 2.005(2) | 2.0086(19)| 2.0006(15)

M™-O na | 2.0870(12)| 1.9457(19)| 2.0244(18)| 2.0344(16)| 1.9528(12)

M"-N avg. nla | 2.2326(15) 1.993(2) | 2.123(2) | 2.0862(19)| 2.0411(14)

VVMT n/a 3.6644(4) | 3.5810(6) | 3.6523(6) | 3.6584(5) | 3.5922(4)
Angles (j

VV-O-M" n/a 156.04(8) | 167.37(12)[ 168.09(11)] 168.02(10)] 170.67(8)

N-VV-O | 109.79(5) | 109.87(6) | 109.75(10)| 109.37(9) | 109.45(8) | 109.41(6)

avg.
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Table 3.2 Continued

N(eqyM"- n/a 97.36(5) | 90.44(9) | 92.97(8) | 91.65(7) | 94.01(5)
Oavg.

N(ax)}M"- n/a 178.21(5) | 173.87(9) | 172.95(8) | 172.91(7) | 171.38(5)
0]

The VB0 bond lengths foBa-e increase by ~0.04 after formation of thelinuclear
complexes,which is consistent with the observed decreasgvefoby FTIR. The M-O
distances (~2.08) aresignificantly longer than Y80 (~1.654), which leads us to conclude
that the structure is best defined d$80Y M".2%21TheV"V-M" distances vary fror8.58A
to 3.66A depending on the NMcenter. 3a-e each shows a slightly bent structure for the oxido
bridge, with the V-O-M" angle in a range of 1860 17C. This is consistent with other

heterobimetallic oxido bridged systems containing vanadfh 2

3.4.3Electrochemistry

In order toprobethe electrochemical behavior of new heterobimetallic systems, cyclic
voltammetric measurementgereperformed ormononuclead, 2a-e and bnuclear3a-e (See
Figure 3.46 and 3.47The vanadium precursot, has a single quasiersible oxidative redox
event at-0.22 V (vs Fc/F¢ = 0 V as for all othempotentials; Fc = &rocene), whictwas
previously assigned as YV.%° An irreversible oxidation at 1.27 Vis assigned tdigand
oxidation processs, and isn agreement with a previous assignment from the related titanium

complex(TMTAA) T i .8&s summarized in Tabl&3, complexes2a-e demonstratenetat
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basedoneelectronoxidative and reductive redox wavéhe quaseversible MA"!!, Fg''!!|
Co'" Ni"" oxidative coupleareobserved at 0.8V, 0.83 V, 0.44 V and .42 V, respectively.
While the irreversible reductive e Cd"', Ni'"" couplesareidentified at-2.09 V,-1.52 V,
and-1.73V. Compound2e hasonly onequasreversible wave at0.36 V, corresponding to

CU”/I.

Table 3.3 Summary of electrochemical potentials of comdeRa-e and3a-e. All values are
referenced vs. Fc/Fc+ = 0 V. adenotes an irreversible transition, bdeterminadamerate
voltammetry.

Complex M"' (EydV) VYV (E12lV) M (Eq/2/V) L oxidation (V)
1 - -0.22 - 1.27
2a - - 0.76 -
2b -2.09 - 0.83 -
2c -1.52 - 0.44 -
2d 173 - 1.42 -
2e -0.36 - ; ]
3a -1.99 -0.15 0.81 -
3b -1.97 0.13 0.64 1.22
3c -1.55 -0.18 0.41 1.26"
3d -1.7% -0.17 1.44 1.25
3e -0.22 -0.15 - -
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Potential (V)

Figure 3.3 Cyclic voltammogram o8b, with four redox regions labeled. Fc/Fe0 V which

was added after this voltammogram was recorded as an internal standard.
Theelectrochemicabehaviorof binuclear complexe3a-e aredepicted inFigure 3.47

and their featured redox couplase summarized inable3.3. The binuclear comple3e has

two quasieversible redox processes that are assigm&l"' and W'V, respectively. When

comparedot he mononucl ear ( ThMWK AejioX &lple ssmeodidally s |

shifted from-0.22 V t0-0.15 V and Clf' redox couple shifts anoditgafrom -0.36 V to-0.22

V. For complexe8a-d, the redox behavior islassified into fouwvoltage regions (Figure 3.3

for comparisorpurposesProcess | is an irreversible reductive event that happens at potential

between-1.97 V and-1.55 V. Since thesredox waves are at the similar range 4§ (W =

Mn, Fe, Co, Ni) redox couples @&-d, they have been assignasgMn'' (-1.99 V), F&" (-

1.97 V), Cd" (-1.55 V) and NI"' (-1.75 V), respectively. Process llilstherange between
77



0.20 V and @0 V, which is assigned a¢"""V. 3b hastwo distinguishable electrochemical
responsswithin thisrange. The first redoxaveat approximately0.20 V is assigned toXV

of 1, a result of the dissociation of the complex to form the mononuclear (TMTAAWhder
electrochemical conditions. The second redox wave at ~0.13 V is assignélf in Mtact3b
(Figure 3.3, and is significantly shifted (~0.35 V) compared.td@he W'V couple for3aand
3c-e do not shift significantly upon heterobimetallicrfieation. This assignment f@b is
supported by a vaable scan rate study (Figure 3.4®ith the reported & value for F&'
being determined using this experiment. As the scan rate increases, the wave at 0.20 V
(assigned t@b) changedrom irreversble to quasireversible; by controlling the range of scan
potential the intensity of the reduction wave-@20 V (assigned tdl) increases after the
potential passes the region o \6xidation in3b. This phenomenon is consistent with slow
dissociationin solution under the electrochemical conditionsnitar dissociation reactions
arealso observeth Ti9OY Cr s y3$Rroeessslil imssigned tthe range of 0.44 V to 1.44
V, whichis attributed tavi""" (M = Mn, Fe, Co, Ni). The redox couples of M (0.81 V),
Co"" (0.41 V) and NI"" (1.44 V)undergo only minor shifts upon formation of thiauclear
complexeg3a=0.76V, 3c=0.44 V, and3d = 1.42 V, respectively consistent with the
absence of substantial shifts if"V. In contrast,Fé""" cathodically shifts by.19 V upon
formation of the bimetalli@b (2b = 0.83 Vand3b = 0.64 V), which when combined with the
observation of ¥ in 3b indicates the presence of an interaction betweémil Fé that is
not present in the othéeterobimetallic complexesrdtess IVis due toligand oxidation
events which normally liat~1.26 V, and undergo only minor shifts frobrupon formation of

the bimetallic species. Overall, the electrochemical data stiatvsmall, but tangible charnge
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occur for the VvV, M and M"" in all systems other tha8b. In 3b significant changes in the
redox behavior of both metal centers occurs upon formation of the bimetallic species. In the
absence of water or oxygen, solution8adfe did not undergo any changes in their absorption

features or electrochemical responses even after several weeks.

3.4.4MMCT in V VoOry¢' System

5x10"
—— (TMTAA)V=0 (1)
~ \ Fe(Py Me,) (2b)
5 =l ——— V=0-Fe (3b)
§ 3x10"- [
z [
a
§ 2x10" -
O
<
= 1x10*-
p
0- e

T T T T T T T T T X T
300 400 500 600 700 800
Wavelength (nm)

Figure 3.4 Electronic absorption spectra bf2b and3b. A new, broad absorption feature is
observed that is approximately centered at 490 nm.

Electronic absorption spectra were measure8darto probe the electronic transitions
of these heterobimetallic systems. Bay 3c, 3d and 3¢ the absorption profileare nearly
indistinguishable from thel (see ESI for full spectrum), with minor changes in molar

absorptivity observed due to the changes in symmetry upon formation of heterobimetallic
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species. In contrast, the spectrum &f80 Y F'ecomplex3b showssignificant differences
when compared with the two starting mononuclear complexes (Fighrém3particular a new
broad absorption is observed which extends from 400 nm to 550 nm, roughly centered at 490

nm.

Wavelength (nm)
344 376 413 459 517 590
t } t } t } t } t }
2.0x10° -
—S 0.0+ /&
E
2> 3
= -2.0x107 1
‘% —3b-2b-1
2 -4.0x10° Red shift of LMCT
< MMCT
= 6.0x10°- Cumulative Fit Peak
< -6
-8.0x10°
T T T T T T

3.60 3.30 3.00 2.70 2.40 2.10
Energy (eV)

Figure 3.5 Electronic absorption difference spectrum resulting from subtracting the siim of
and2b from the spectrum of heterobimetalBb. The result was fit to a combination of two
Gaussian peaks centered at 2.V(J@green) and 2.4@V (orange).

In order to elucidate this new feature, a mathematic difference spe&oun2bi 1)
was computed (Figure 3.5This method has been previously utilized to assign new electronic
transitions due to MMCF 12 14 18rhe negative componerds energies higher than 3.00 eV

correspond to intensity losses in the mononudiesed (TMTAAMO O transi tions

positive region between 3.00 eV to 2.10 eV indicates new electronic transitions upon formation

80



of 3b. This new feature could be adequat#lyy two Gaussian peaks centered at 2.70 (459
nm) and 2.47 eV (502 nm). The 2.70 eV (460 nm) peak is assigned to a red shifteddigand
metal charge transfer (LMCT) at vanadium, and is consistent with the obsethedic shift

of VV'V_ The pealat 247 eV (502 nm) is assigned to a new MMCT transition frofntey Fé',

forming a charge separated excited state composed ah F& To make this assignment,

we examined the electrochemistry3ifand found that only the ¥V and F&' redox couples

haxe a plausi ble energy gap to explain this
match for the 2.47 eV band. All alternative assignments result in energies that are larger than
2.5 eV. The most likely alternative assignment, a MMCT frorh 6eV", would involve

VvV “which is not observed throughout the solvent windowl(5 V). This means that the
energy difference between™/' and F&"" can be no smaller than 2.90 eV, and therefore

cannot explain the observed feature at 2.47 eV.

] ——488nm
1.04 ——514 nm
— 568 nm
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Figure 3.6 Normalized resonance Raman spectra of 3b in dichloromethane. Black, 488 nm
excitation; red, 514 nm excitation; blue, 568 nm excitation. Wavelength and intensity was
referenced and normalized to ttiaman signal of dichloromethane (703-&in
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To further support our assignments, rRaman spectrdbofvas mapped at three
different wavelengths throughout the new transitin$* Normalized rRaran spectra is
shown in Figure 3.,6with a superimposiin of difference spectra and the relative rRaman
intensity ofgveo (Figure 3.7. A significant enhancement is observed at 910! cwhich

corr es pvyssbbserted by TIR (see Ref. 22 and tehlB.

J I I Y I I
1800 - e——3b-2b-1 _“0'9
. B Raman 0.8
~ 1500- -
g ] -0.7
< 12004 i
2 _ -0.6 °Z
= ) - )
= 600 0.4 &
i -0.3
5 3004 m [
= |
i -0.1
-300 T T 7 T T T v T I
480 500 520 540 560 580

Wavelength (nm)

Figure 3.7 Resonance Raman enhancement profile (dot) overlayed with the difference spectra
(Bbi 2b7 1, solid curve). Plotted rRaman intensitigs\{ © (310 cm1) are relative to the
solvent reference peak and intensity matched to fifierelnce spectrum at 516 nm, showing

that only low energy band is associated with the oxido bridge distortion.

This enhancement would only be possible for a transition where the structural

distortions during excited state electron transfer coincide wihhatwons localized on the
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bridge. Of the two assignments (LMCT and MMCT), only a MM@&hsition (502 nm) would
result in distortions coupled to the bridge modes. Since only excitation in the low energy
portion of the new absorption results in resonant enhancement, this result supports our
assignment that the lower energy transition is due to MMCT. The higher energy band (455
nm) appears to not contribute to this feature and therefore cannot invokigedresthat distort
the V-O-Fe bond, supporting our assignment of this transition as being due to LMCT from the
TMTAA ligand. No rRaman enhancement at 910'cis observed for either of the
mononuclear components ¢r 2b) when ecited in this range (Fige 3.50. The small (8 cm
1y difference betweethe FTIR andrRaman pectrais a result ofFTIR being a solid state
measuremenvhile rRamarnwas measurenh a saturatedichloromethansolution.

The observation that onBb has new transitions ultimatelgises the question of why
is theVOOI'g-e complex different from the other species? Upon examination of the crystal
structures, only8b is found to be lowspin. As a result3b is the only complex in the series
that definitively h(dbw-spin). Werthereforaispacwdate thétsucto r b i t
unoccupied orbitals are necessary for the observation of MMCT transitions in these oxido
bridged heterobimetallic molecules, potentially acting as the orbital into which the electron

transfer occurs.

3.5Conclusion

Five new heterobimetallic oxido bridged complexes containtrvguladium have been
synthesized and structurally confirmed. All five species are formed through a dative interaction
between the oxido and a'vnetal center, with a slightly bent \2=M angle varying from 156°

to 170? A JahnTeller distortion was observed in the Cu center 8 OF{Cu, resulting in 5
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coordinate Cli Cyclic Voltammetry reveals clear¥’, M"" and M"" redox couples in four
voltage regionsMagnetic measurementsveal highspin configuration for Pyvie> metal
centers for3a, 3¢, 3d, 3¢ and all of them are ferromagnetically coupled to theashadium

center. The Pkin 3b possesses a leapin configurationV80Me system is found to have a
stronger interaction betwen the two metal centers, with a significant shift of redox potentials
on both sides of the oxido bridge and the appearance of a new optical transition in the visible
region (502 “enmhwhichweassign © 8'VVtdFe' MMCT. This assignment

is supported by rRaman spectroscopy, which show that this transition is associated with
vibrational modes from the oxido bridge. We speculate that the presence of a MMCT transition
intheFdcompl ex is due to the pr evssgimfcempled Toe mpt y
our knowledge, this is the first observation of a MMCT transition front metal center,

opening up a new direction for the study of visiliggt induced MMCT.
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3.6 Supporting Information
3.6.1Electronic Absorption Spectra with Molar Absorptivity

The molar absorptivity was measured in dichloromethane under the protection of
nitrogen at room temperatufEhe 0 of 2c and2ewere measured in acetonitrile because of the
poor solubility in dichloromethan&. h e 2d coald not be olatined due to the low solubility

in all common solvents, therefore an EAS spectdas$ reported as a normalized absorbance.
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Figure 3.8 Electronic absorption spectrum@©fT MT AA) (.80
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Figure 3.9 Electronic absorption spectrum of [Mn@®4e2)](CFsSGs)2 (23a).

4x10°
——2b

8 3x10°-
S
2

2 2x10°
=
2
Na)

< 3

5 1x10°
S
p=

0_

T T T T T T T T T T T
300 400 500 600 700 800
Wavelength (nm)

Figure 3.10 Electronic absorption spectrum of [FeéMe2)](CFSOs)2 (2b).
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Figure 3.11 Electronic absorption spectrum of [Ce{®)(PyMe2)](CF:S0s)2 (20).
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Figure 3.12 Electronic absorption spectrum of [Ni@Re2)](CFSOs)2 (2d).
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Figure 3.13 Electronic absorption spectrum of [CuéMe2)](CFSCs)2 (26).
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3.6.2So0lid State ATR-FTIR Spectra
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Figure 3.19 Solid State ATRFTIR spectrumof TMTAA) (VB0
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Figure 3.20 Solid State ATRFTIR spectrum of [Mn(PsMe2)](CF:SGs)2 (24).
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Figure 3.21 Solid State ATRFTIR spectrum of [Fe(Rie2)](CF:SOs)2 (2b).

1.2+

] 2¢
1.0+

05-

06-

04-

0.2 —-Mm

0.0-

021 — 1
4000 3500 3000 2500 2000 1500 1000 500 O

Normalized Absorbance (AU)

Wavenumber (cm’)

Figure 3.22 Solid State ATRFTIR spectrunof [Co(H20)(PyMe2)](CFSGs)2 (20).
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Figure 3.23 Solid State ATRFTIR spectrum of [Ni(PsMe2)](CFsSQs)2 (2d).
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Figure 3.24 Solid State ATRFTIR spectrum ofCu(PyMe2)](CFSOs)2 (26).
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Figure 3.26 Solid State ATRFTIR spectrum of ( TMT AA] V © M (ER:TDY)2
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Figure 3.27 Solid State ATRFTI R spectrum of [sMGNOFS®LVOOYCo
(30).
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3.6.3ESI-HRMS Results
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Figure 3.31 ESFHRMS result of( T MT A A) (¥)9ADove: Experimental result. Below:
Simulated spectrum.
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Figure 3.32 ESFHRMS result of [Mn(PyMe2)](CF:S(Os)2 (2a). Above: Experimental result.
Below: Simulated spectrum.
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Figure 3.33 ESFHRMS result of [Fe(PyMe2)](CF3SQOs)2 (2b). Above: Experimental result.
Below: Simulated spectrum.

99



251.07139
z=2
C29H25 N5 Co
-0.62245 ppm

90 —
80 —
70 T
60 —
50 —

40 251.57299
z=2

Relative Abundance

30 —
20 —

10

T T T ] T
250.0 250.5 251.0 251.5 252.0 252.5

m/z

C29 H25 N5 Co: C29 H25 N5 Col pa Chrg 2

251.07155

C29 H2s N5 Co
100

90
80
70
60
50
40

251.57323
30

10 252.07490
| 252.57658 253.07826

I
252.0 252.5 253.0

Figure 3.34 ESFHRMS result of [Co(PyMe2)](CF:SGs)2 (2¢). Above: Experimental result.
Below: Simulated spectrum.
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Figure 3.35 ESFHRMS result of [Ni(PyMe2)](CF:SOs)2 (2d). Above: Experimental result.
Below: Simulated spectrum.
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Figure 3.36 ESFHRMS result of [Cu(PsMe2)](CF:SGs)2 (2€). Above: Experimental result.
Below: Simulated spectrum.
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Figure 3.37 ESFHRMS result off ( TMT AA] V © GMay(CFB®). (3a). Above:
Experimental result. Below: Simulated spectrum.
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Figure 338 ESFHRMS resul t of [ (sMMNCESD)Y &8h).YAbavé: Py
Experimental result. Below: Simulated spectrum.
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Figure 339 ESFHRMS resul t of [ ( SVBYI(BFASO:): B0 .YADavg: Py
Experimental result. Below: Simulated spectrum.
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Figure 340 ESFHRMS resul t of [ (sMMNCESD)Y B0).YAbBIvE: Py
Experimental result. Below: Simulated spectrum.
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3.6.4Crystallographic Details

All crystal structure determinations were performed with a BriNenius X8 Kappa
Apex2di f fractometer wusing MoKUWK. rSaitdbleactystalsof at a
were selected under the microscope and mounted on MiTe@@mt using a minimum
amount ofParatone N oil. Data were corrected for absorption and patamn effects using
multi-scanmethods (SADABS). The SQUEZZE procedure was enmnted in PLATON in
ordertosubt ract out the sol vent nsStractorestwereofbedt | on t
using direct methods. H atoms were placed at calculated positions and their isotropic
displacemenparameters refined d&r i di n g 0 -Hoatom towhéh theyg are bonded.

Graphicrepresentations of the resulting structure were produced using QLEX

Table 3.4 Crystal data and structure refinemen8af

Empirical formula CseHs3FsMNNgOs SV
Formula weight 1264.07
Temperature (K) 110(2)
Wavelength (A) 0.71073
Crystal System triclinic
Space Group P1
a (A) 13.2168(3)
b (A) 13.4371(3)
c (A 18.6579(4)
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Table 3.4 Continued
U (A)
b (A)
2 (A)
Volume (&%)
Z
} calca(g/cnT)
Absorption coefficient (mnh)
F(000)
Crystal Size (mr)
d range for dat ¢
Reflections collected
Independent reflections
Data/restraints/parameters
Goodnesf-fit on F?
Refinement Method
Final R indicescs
R indices (all data)

Largest diff. peak/hole (e.3}

102.5680(10)
96.7380(10)
118.6840(10)
2740.45(11)
2
1.532
0.562
1300
0.220 0.310 0.330
1.82 to 31.59
101147
18356 [Ru = 0.0281]
18356 / 57 / 789
1.027
Full-matrix leastsquares on#
R1=0.0498, wR=0.1310
R1=0.0605, wR=0.1394

1.850£1.194
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Figure 341 X-r ay <cryst al struct ur éMe)?t (3a] wWitMthefmmIA] VB OY
ellipsoids drawn at the 50% probability level.
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Table 3.5 Crystal data and structure refinemen8bf

Empirical formula
Formula weight
Temperature (K)
Wavelength (A)
Crystal System
Space Group
a (A)
b (A)
c (A
U (A)
b (A)
20
Volume (A%
Z
} calca(g/cn?)
Absorption coefficient (mmn)
F(000)
Crystal Size (mr)
d range for dat e
Reflections collected

Independent reflections

Cs3HagFsFeNOsSV
1224.92
110(2)
0.71073
monoclinic
P2i/n
18.2672(11)
15.7643(10)
18.8744(11)
90
113.486(2)
90
5012.3(5)
4
1.623
0.650
2516
0.036 0.338 0.407
1.31to 23.82
58071

7711 [Rat = 0.0499]
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Table 3.5 Continued
Data/restraints/parameters
Goodnessf-fit on F?
Refinement Method
Final R i ndices
R indices (all data)

Largest diff. peak/hole (e.3

7711/0/730
1.030
Full-matrix leastsquares on¥
R1 = 0.0356, wR = 0.0844
R:1=0.0520, wR= 0.0933

0.782+/0.529
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Figure 342X-r ay cryst al Struct ursble)d(3b)[withTthéMmAIA] VO O Y
ellipsoids drawn at the 50% probability level.
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Table 3.6 Crystal data and structure refinemen8of

Empirical formula
Formula weight
Temperature (K)
Wavelength (A)
Crystal System
Space Group
a (&)
b (A)
c (A
U
b(
°()
Volume (A3)
Z
} calca(g/cn?)
Absorption coefficient (mmn)
F(000)
Crystal Size (mr)
d range for dat ¢
Reflections collected

Independent reflections

Cs3H49C0FsN9OsSV
1228.00
110(2)
0.71073
monoclinic
P21/n
18.3347(11)
15.7616(10)
19.1765(12)
90
113.480(2)
90
5082.8(5)
4
1.605
0.681
2520
0.052 0.207 0.486
1.30 to 25.36
61702

9302 [Rnt = 0.0567]
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Table 3.6 Continued
Data/restraints/parameters
Goodnessf-fit on P2
Refinement Method
Final R indices
R indices (all data)

Largest diff. peak/hole (e.3\

9302/0/730
1.040
Full-matrix leastsquares on¥
R1=0.0373, wR=0.0840
R1=0.0609, wR= 0.0943

0.628+0.459

114



Figure 343 X-r ay crystal struct ur sMe)pt@)wthTthémalA] VB OY
ellipsoids drawn at the 50% probability level.
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Table 3.7 Crystal data and structure refinemen8df

Empirical formula Cs3Ha9FsNoNiOsSV
Formula weight 1227.78
Temperature (K) 110(2)
Wavelength (A) 0.71073
Crystal System monoclinic
Space Group P2i/n
a (A 18.3482(6)
b (A) 15.7837(4)
c (A 19.1046(6)
[y 90
b () 113.556(2)
2() 90
Volume (A% 5071.7(3)
Z 4
} calca(g/cn) 1.608
Absorption coefficient (mmn) 0.727
F(000) 2524
Crystal Size (mr) 0.050 0.260 0.272
d range for dat e 1.30 to 25.68
Reflections collected 60975
Independent reflections 9624 [Rnt = 0.0487]
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Table 3.7 Continued
Data/restraints/parameters
Goodnessf-fit on F?
Refinement Method
Final R i ndices
R indices (all data)

Largest diff. peak/hole (e.3

9624 /754 / 733
1.013
Full-matrix leastsquares on#
R:1=0.0336, wR=0.0744
R1=0.0541, wR= 0.0825

0.673/0.432
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Figure 344 X-r ay cryst al Struct ursble)d(3d)[withTthéMmAaIA] VO O Y
ellipsoids drawn at the 50% probability level.
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Table 3.8 Crystal data and structure refinemenBef

Empirical formula Cs3H47FsNoCuOr SV
Formula weight 1214.59
Temperature (K) 110(2)
Wavelength (A) 0.71073
Crystal System monoclinic
Space Group P21/n
a (A) 18.0595(7)
b (A) 15.3356(6)
c (A 20.4359(8)
¥y 90
b() 113.311(2)
2() 90
Volume (A% 5197.8(4)
Z 4
} calca(g/cn) 1.552
Absorption coefficient (mmn) 0.754
F(000) 2488
Crystal Size (mr) 0.200 0.220 0.240
d r angecolection(Jd at ¢ 1.28to0 31.51
Reflections collected 90561
Independent reflections 17326 [Rat = 0.0314]
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Table 3.8 Continued
Data/restraints/parameters
Goodnesf-fit on F?
Refinement Method
Final R indices
R indices (all data)

Largest diff. peak/hole (e.3\

17326 /0/718
1.032
Full-matrix leastsquares on¥
R1=0.0411, wR=0.1113
R1=0.0553, wR=0.1204

2.579£1.115
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Figure 345X-r ay <cryst al struct ur sMe)Pf(3e[withTtheémAalA] VB OY
ellipsoids drawn at the 50% probability level.
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3.6.5Electrochemical Experiments
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Figure 3.46 Cyclic voltammograms oRa-e in dry dichloromethane under the protection of
nitrogen. All signals are referenced to FE/REV).
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Figure 3.47 Cyclic voltammograms oBa-e in dry dichloromethane under the protection of
nitrogen. All sgnals are referenced to Fc/HO V).
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Figure 3.48 Scan rate study (above) and variable potential scan study (below) on
[ ( TMTAA] V O MeHERTOY:2 (3b).
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3.6.6 Resonance Raman Measurements
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Figure 3.49 Resonance Raman enhancement profile (dot) owathaith the EAS spedrum
of 3b (solid curve).
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Figure 3.50 Resonance Raman spectralofnd 2b in dichloromethane. Wavelength and
intensity was referenced and normalized to the rRaman signal of dichloromethane at 703 cm
! Note the absence of any resonance enhanced peak at ~900 cm
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3.6.7 Magnetic Study

The coupling between metal centers f@l) heterobimetallic complexes are determined via
temperaturalependent magnetic susceptibility measurements and the vdrgdle
magnetization measurements. The expressions derived from Heis@ilz@ryan Vieck
Hamiltonian expression based on H-2JSiS 2 and Brillouin function are used to fit the

magnetic data.

m 3a
Fit

[ ]
J=38.3cm”’

_ g, =1.93

S TR =2.10
3 0 Varikr 9

1 ! I ! I ' | | |} |

0 50 100 150 200 250 300
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Figure 3.51 6T vs. T plot, saturation plat 2 K (inset), and the fitting results f8a. T \@alue
increaseso a maximumvalueat around 50 K and then decreases at low temperatures due to
weak intermolecular interactions and zéd-splitting. Thema x i mT valuedor 3ais
around 5.7emuK/mol. According to spironly formula, this corresponds to a sjinly
magnetic moment with § 3.
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Figure 3.52GT vs. T plot, saturation platt 2 K (in-set), and the fitting results f8b. cT values

is around 0.29 emK/mol at 20 to 200 k, and then starts to decrease when temperature gets
lower. According to spironly formula, it corresponds to a sginly magnetic moment with S

= 1/2. This result suggests that the' Benter has the lowpin electronic configuration.
Variablefield magnetization shows the maximum spins to be around S = 1/2, which is
consistent witreT plot.
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Figure 3.53 6T vs. T plot, saturation plait 2 K (inset), and the fitting results f@c. do*
vanadium center is ferromagnetically coupled witkcb b a | t ¢ Evaluedncreasebh e 6
a maximum value at around 65 K and then decreases at low temperatures dweato
intermolecular interactions and zefeld-splitting. Thema x i mT valuegor 3cis around
3.05emuK/mol . According to spironly formula, this corresponds to a magnetic moment with
S=2.
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Figure 3.54 6T vs. T plot, saturation plait 2 K (inset), and the fitting results f&d. d*
vanadium center is ferromagnetically coupled witmd ¢ k e | ¢ Evaluedncrease®bh e 6
amaximumvalueataround 20 KThema x i muwvalueéor 3d is around 2.2&muK/mol .
According to spironly formula, this corresponds to a spinly magnetic mment with S =

3/2.
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Figure 3.55 6T vs. T plot, saturation plait 2 K (inset), and the fitting results f@e do
vanadium center is ferromagnetically coupled witcd p p e r ¢ & vatueimcreas@h e 6
amaximumvalueataround 10 KThema x i mTwvalueéor 3eis around 1.1@muK/mol .
According to spironly formula, this corresponds to a sjinly magnetic moment with S = 1.
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Chapter 4 Charge Separation in a Chromophore Containing ¢
Vanadium and c® Iron, Avoiding Ligand -field Deactivation by

Metal-to-metal Charge Transfer

This work will besubmitted to ACS Central Science shortly

Wu, X.; Danilov, E.;Huang, T.; Weare, W. WSommer, R. D2016

4.1 Abstract

The excitedstatedynamics ofa metalto-metal charge transfer (MMCT) chromophore
containing dvanadium and®ron, [[OMTAA)V'V8 O Yre!(PysMe)][OTf] 2 (3), is examined
via ultrafast transien@bsorption(TA) spectroscopyand compared with that of the two
individual monomeric componentsl (and 2). The iron monomeric complex,
[Fe(PyMe)][OTf]2 (1), features the typical excited stabehavior of lowspin Fe (Il)
complexes, undergoinfast relaxation to a higispin ligandfield state withinthe first1 ps
uponexcitationof the metatto-ligand charge transfer (MLCTand with an overall 250 ps
ground state recovery lifetim&he d varadium complex, (OMTAA)\BO (2), has a 28 ps
charge separated excitsthtelifetime when excited into a ligari-metal charge transfer
(LMCT) state. This assignment relies on the observation that strong tran¥iehd Yand is
maintained throughout thene delay.The excited state decay of VOF8) (was fit to a three
step sequential modepon excitatiorof theMMCT transition. By tracing the transient LMCT

absorption of the Y excited state, the decay mechanisnBafivolves an initial structural
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reorganization on vanadium (2 ps), followed by rearrangement at the iron center (50 ps), which
leads to the formation of a long lived chagparated trap state (1 ns). By taking advantage
of the weak electronic coupling between donor and acceptor in MM@4, staarge transfer
character is maintained by avoiding excited state quenching froflyilogvligand field states.

This results in the longesved charge separated excited state known rfalecular
chromophores containing irodemonstrating the utilitgf MMCT for the generation of lorg

lived charge separated excited states in chromophores containing earth abundamt first

transition metals.

4.2 Introduction

Molecular structures with lontived, photo induced charge separated excited states are
of great interest as chromophores for solar energy converéidransition metal complexes,
whose charge transfer bands are commonly observed in absorption spectra, have been
investigated for decad&$.For example, the ruthenium(ll) polypyridyl complex [Rpy)s]?*,
which possesses a long metialigand charge transfer (MLCT) lifetime, has been widely used
as a photosensitizer in artificial photosynthédisie to its high cost and low abundance, there
have been efforts to substitute ruthenium by eabilndant firstrow transition metals, like
iron, for large scale applications. However, the charge separated excited state of iron
derivatives are shofived due to the existence of low lying metdntered ligandield states,
resulting in losing MLCT character on a spizosecond time scafé? Recent advances in
increasing the liganfleld strength have increased the MLCT lifetime to tens of*ps.

Chronophores based on metatmetal charge transfer (MMCT) transitions are potentially
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good candidates for the generation of ldingd charge separated states. Although a few
MMCT absorption bands have been identified in bridged bimetallic sysfefhdew
photophysical studies to examine the dynamics of such transitions are khown.

We recently published the synthesis and identification of a MMCT transition in a
species containing a& @ Fe core, which undergoes &'V Fe charge transfer upon pheto
excitationat 500 nn?° Here, we investigate the ultrafast dynamics of a similar MMCT
chromophore3) which can be synthesized in medtiam scale after modification of the ligand
set. For comparison, the Transient Absorption (TA) features of the individual iron and
vanadium monomeric componenfisgnd?2) are also investigated. The slight modification of
the ligand set, when compared with our previous results, is necessary to tune the solubility so
a common solvent (acetone) can be used for all three complexes| GBiwier fitting and
Decay Associated Difference Spectra (DADS) reveal that the 1 ns MMCT excited state lifetime
is due to a strong electronic distortion on thePele2) component. Be separating charge on
two weakly coupled®© = 12 cm!) metal centers, we are able to avoid ligafield
deactivation of the charge transfer state. This approach should be general for weakly coupled
MMCT systemsand informs théuture developmeraf earth abundant MMCT chromophores

to create longdived charge sepaitian for applicationsuch as solar energy conversion
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4.3 Results and Discussion
4.3.1 Synthesis
3is synthesized on a mulgram scale according to our previously published synthetic
route for the TMTAA derivative, [([TMTAANB O YrePysMe2)][OTT] 2,2° with modification
of thetetraazaannulerdgand Figure4.1). The full characterization &is summarized in the

Supporting Information.

85%

Figure 4.1 Scheme for the synthaesof3 from 1 and2. The reaction condition is: Toluene, 110

€ reflux, 12 h under N protection. Xray crystal structure & is drawn with thermal ellipsoid

at 50%, H atoms and anions were removed for clarity. Complete details can be found in SI.
As previously reported], features a lowspin Fé electronic configuratiod! 22and2

is d* vanadium(lV). 3 is synthesized fromi and 2 utilizing an identical method to that

previously reported for such compourt@3he lowspin character of the Fe cents preserved

in 3. More importantly for this work, the MMCT feature is maintaine® a1 500 nm (Figure

4.18 when compared to a previously reported TMTAA derivative, due to minimal structural

and electronic distortions of the/O YFe core from the adiibn of four methyl groups.
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Figure 4.2 Ground state electronic absorption spectroscoply @8fand3 in acetone at room
temperature. Absorbance is scaled to relative absorptivity of species. The arrows indicate the
wavelengths of the pump laser in ultrafast spectroscopy used for each compound. Complete
spectrum with measured molar absorptivity can bedda SI.

All three complexes are soluble and stable in pure acetone. The ground state electronic
absorption spectra are shownRigure4.2. In the region from 350 nm to 800 nthhas a
moderate MLCT transition at high energi@shows an intense ligarakntered transition at
375 nm and a LMCT band at 410 itn?® 3 combines the absorption features of the both
monomeric components plus an additional band at around 500 nm that we assign as a MMCT
transition (Figure 4.18 The MMCT band has molar absorfvity of 2000 M*cm?, which
places3 with the weakly coupled class Robin and Daylassificatior?* 2°For ultrafast TA
experiments] and2 are excited using a 410 nm pump laser into theitbdPysMe, MLCT
and OMTAAto-V"Y LMCT bands, respectivelBimetallic specie8is excited in the red edge

of the MMCT band with a 516 pump laser. All three complexes show no photoluminescence

between 350 and 700 nm.
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4.3.2 Ultrafast Spectroscopy
In order to investigate the excited state dynamics, ultrafast TA spectroscopy was
performed oril-3. All molecules are found to be photochemically stable under the condition

used. Selected TA spectra are shown in FigiBe

Figure 4.3 Selected TA spectra for all complexe8 in acetone at room temperature. Pump
laserscatter near the excitation wavelengths are removed for clarity.

Upon excitation at 410 nni, shows a broad absorption band from 450 nmO@ rfm,
which decays within 1 ps. A ground state bleach in the MLCT region (350 to 450 nm)
dominates the TA spectrum at later time delays. This is consistent with oth&fLRsT
chromophores, where the charge transfer state is quickly deactivated by-figdnd

transitions’ For 2, a strong bleach at 375 nm is observed, which corresponds to the depletion
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