
 

 

 

 

 

THE SOLVENT CAGE EFFECT: USING MICROVISCOSITY TO PREDICT THE 

RECOMBINATION EFFICIENCY OF GEMINATE RADICALS FORMED BY THE 

PHOTOLYSIS OF THE MO-MO BOND OF CPʹ2MO2(CO)6 

 

 

 

 

 

 

 

 

 

 

 

 

 

by 

 

JUSTIN THOMAS BARRY 

 

 

 

 

 

 

 

 

 

 

 

 

 

A DISSERTATION 

 

Presented to the Department of Chemistry and Biochemistry 

and the Graduate School of the University of Oregon 

in partial fulfillment of the requirements 

for the degree of 

Doctor of Philosophy  

 

June 2018 



 

ii 

 

DISSERTATION APPROVAL PAGE 

 

Student: Justin Thomas Barry 

 

Title: The Solvent Cage Effect: Using Microviscosity to Predict the Recombination 

Efficiency of Geminate Radicals Formed by the Photolysis of the Mo-Mo Bond of 

Cpʹ2Mo2(CO)6 

 

This dissertation has been accepted and approved in partial fulfillment of the 

requirements for the Doctor of Philosophy degree in the Department of Chemistry and 

Biochemistry by: 

 

Dr. Michael D. Pluth Chairperson 

Dr. David R. Tyler Advisor 

Dr. James E. Hutchison Core Member 

Dr. Bruce P. Branchaud Core Member 

Dr. Miriam Deutsch Institutional Representative 

 

and 

 

Dr. Sara D. Hodges Interim Vice Provost and Dean of the Graduate School 

 

Original approval signatures are on file with the University of Oregon Graduate School. 

 

Degree awarded June 2018 



 

iii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2018 Justin Thomas Barry  

  



 

iv 

 

DISSERTATION ABSTRACT 

 

Justin Thomas Barry 

 

Doctor of Philosophy 

 

Department of Chemistry and Biochemistry 

 

June 2018 

 

Title: The Solvent Cage Effect: Using Microviscosity to Predict the Recombination 

Efficiency of Geminate Radicals Formed by the Photolysis of the Mo-Mo Bond of 

Cpʹ2Mo2(CO)6 

 

Radicals are core reactive species that occur in almost every subfield of chemistry.  

In particular, solution phase radicals find their way into biochemistry (e.g. vitamin B12), 

and in polymer chemistry (e.g. radical polymerizations) just to name a few.  Yet, given the 

proliferation of radical chemistry, there are still fundamental aspects of it that are poorly 

understood.   

This dissertation probed factors that influence the solvent cage effect.  The solvent 

cage effect is where two radicals are held in close proximity to one another and prevented 

from easily escaping (to form free radicals) by a cage of solvent molecules.  A convenient 

metric of the solvent cage effect is the radical recombination efficiency (FcP).  Typically, 

FcP correlates with the bulk viscosity of the solution, however, this parameter only 

produces qualitative assessments.  This dissertation outlines a method to quantitatively 

predict FcP using the microviscosity.  This microviscosity dependence holds for non-polar, 

aromatic, polar, and hydrogen-bonding solvents, along with solutions that contain 

polymers.  Microviscosity is a great metric because it addresses an underlying reason for 

the solvent cage effect, the strength of the cage.   

 Not only does the strength of the solvent cage around the radical pair affect FcP, 
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but so does the identity of the radicals themselves.  That is, the strength of the solvent 

cage is one piece to forming a total predictive model.  FcP for the Cp'2Mo2(CO)6 dimer 

also varies with the wavelength of irradiation.  Identifying the mechanism by which this 

wavelength dependence occurs may also provide another factor to include in an overall 

model of the solvent cage effect.  Also, an attempt at synthesizing an asymmetric 

molybdenum dimer was performed.  This asymmetric dimer would allow the study of 

solvent caged radical pairs that are different from each other. 

Predicting the photochemical cage pair recombination efficiency (FcP) is the major 

topic of this dissertation.  However, there is also the collisional cage recombination 

efficiency (Fcʹ).  This is where free radicals come together in what is called a collisional 

solvent cage pair.  A method and values of Fcʹ are detailed later in this dissertation.   

This dissertation contains previously published and unpublished co-authored 

material. 
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CHAPTER I 

SOLVENT CAGE EFFECTS FROM METAL BASED 

RADICALS 

 

Justin T. Barry, David R. Tyler* 

Department of Chemistry and Biochemistry, University of Oregon, Eugene, OR 

97403-1253 

 

 Chapter I of my dissertation will be an introduction into the field of solvent cage 

effects using metal based radicals.  This chapter will introduce the body of research on 

solvent cage effects that has been produced in the Tyler lab.  This will frame the majority 

of the work of this dissertation in the historical context of the project.  A brief 

introduction into photochemical kinetics with derivations is included as Appendix A.   

Chapter I will be published as a peer-reviewed review of solvent cage effects with 

the co-authorship of David R. Tyler.  Chapters II and III were also produced with the co-

authorship of David R. Tyler, as well as, Daniel J. Berg.  Chapter VI will be published as 

a peer-reviewed research article with the co-authorship of David R. Tyler. 

 

1.1. Introduction 

 

 Solvent “cage effects” have a major impact on chemical reactivity and chemical 

kinetics in nearly all fields of chemistry.  For example, in organic chemistry, cage effects 
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are necessary to explain such fundamental phenomena as magnetic isotope1,2 and CIDNP 

effects3,4, rate-viscosity correlations5, and regio- and stereo-chemical control.6,7  In 

polymer chemistry, they explain the subtleties of radical polymerization kinetics.8–13  In 

biochemistry, cage effects are pervasive, as in the reactions of photosynthetic model 

complexes and the reactions of hemes with O2.
14  In inorganic chemistry, to give just one 

example of many, they are necessary to explain electron transfer reactions.15–18  The 

caging phenomenon is not limited to solutions but has also been observed on surfaces19, 

solids20, and multicomponent systems such as micelles.21  Despite the major impacts that 

solvent cage effects have on chemical reactivity, it is surprising that many basic 

properties of the cage effect remained unknown for so long and that practically no 

quantitative predictive knowledge of the cage effect was available. 

 This dissertation describes the results of fundamental investigations into the 

solvent cage effect with the goal of better understanding every major molecular and 

environmental parameter that may influence the solvent cage effect.  Understanding each 

parameter that impacts the solvent cage effect will yield a model that can quantitatively 

predict the magnitude of this effect. 

 

1.2. Describing the Solvent Cage Effect with Kinetic Terms 

 

 Kinetic terms of the solvent cage effect will be introduced first so a convenient 

definition may be defined later (Scheme 1.1).  Radical cage pairs are generated by the 

homolytic cleavage of a generic molecule by photolysis.  Light energy is used to generate 

an excited state (R-R*) from a parent molecule (R-R).  This excited state may relax to the 
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ground state (ΣkR, sum of all relaxation processes) or homolytically cleave (kP) to 

generate a photochemical radical pair (R·, ·R).  This geminate radical pair is initially held 

together by a cage of solvent molecules.  The two radicals may either recombine (kcP) or 

diffuse out of the solvent cage (kdP) to become free radicals.  These free radicals can 

diffuse (kD) and encounter other free radicals.  These two radicals that encounter each 

other form a collisional radical pair, meaning they did not originate photochemically 

from the same molecule.  Again the solvent holds them in a cage and they may combine 

(kc) or diffuse (kd) out of this collisional solvent cage.  Note that, if a particular species 

arises directly from a photochemical event, a subscript “P” denotes so in the kinetic term 

(hence kdP vs kd).  A convenient definition to describe the solvent cage effect is the 

photochemical recombination efficiency (FcP, eq 1). 

 

 

Scheme 1.1.  Mechanistic model of the solvent cage effect.  Radicals are generated from 

the generic molecule R-R by photolysis. 

 

(1) 

 

 This photochemical recombination efficiency denotes the amount of geminate 

radical pairs that recombine to form the original parent molecule.  The collisional radical 
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pair also has a recombination efficiency (Fc, eq 2).  The two different recombination 

efficiencies (FcP and Fc) aren’t necessarily the same value.  Chapter VI of this dissertation 

investigates the relationship between FcP and Fc.  It is worth noting that both of these 

“recombination” efficiencies (FcP and Fc) are different from an “initiator” efficiency (f) in 

polymer kinetics.  Polymer chemists are more concerned with the generation of free 

radicals for radical polymerization and this initiator efficiency can be thought of as a 

“cage-escape” efficiency.  

 

(2) 

 

1.3. Measuring       with Bulk Photolysis 

 

 The measurement of FcP is usually considered arduous.  For instance, the Fc 

values for the reversible thermolysis of diacyl peroxides were measured using the 

randomization rate of labeled oxygen-18.22  Fortunately, a newer method for measuring 

FcP was developed where the classical isotopic labeling experiment was not necessary.23  

This newer method makes use of the well-known photochemistry of a Cp′2M2(CO)6 

dimer (where M = Mo or W, and Cpʹ = 5-CH3C5H4, Scheme 1.2).  The irradiation of this 

Cp′2M2(CO)6 dimer homolytically splits the metal-metal bond to form radicals.  Common 

spectroscopic techniques can be used to directly observe the kinetics of this M-M bond 

breaking/forming as opposed to using mass spectrometry to identify isotopic 

distributions.  This is how radical cage pairs are generated to study solvent cage effects.  

Because there are two recombination efficiencies (FcP and Fc), a radical trap is added to 

FcP 

0 
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capture any free radicals that are produced (Scheme 1.3).  The radical trap CCl4 reacts 

irreversibly with any free radicals that are produced by creating a metal-chloride bond.  

This prevents any collisional radical pairs from being formed (Scheme 1.3).  

Conveniently, the rate constant for radical trapping (kT) is slow enough on the time scale 

of radical diffusion that no “in-cage” trapping occurs.23  In-cage trapping would be the 

reaction of a CCl4 molecule (that is part of the immediate solvent cage) with a caged 

radical.  In-cage trapping severely complicates the kinetics of the experiments because 

the concentration dependence on CCl4 tends to dominate.24  The ·CCl3 radicals do not 

react further with any metal species. 

 

 

Scheme 1.2.  Photolysis of the Cp′2Mo2(CO)6 dimer homolytically splits the Mo-Mo 

bond. 

 

 

 

Scheme 1.3.  Mechanistic model of the solvent cage effect with a radical trap. 
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The strength of the solvent cage is ultimately what prevents radicals from easily 

escaping each other (kdP, Scheme 1.3).  Conversely, a weaker solvent cage increases the 

probability that a radical will escape the solvent cage and become a free radical.  

Increasing the bulk viscosity (η) of the solvent system creates a stronger solvent cage, 

with bulk viscosity being the solution’s resistance to flow (measured in centipoise, cP).  

If the solvent itself becomes more resistant to flow, fewer radicals are able to escape and 

more recombination occurs.  Briefly, the determination of FcP will use bulk viscosity to 

change kdP.  The relevant photochemical kinetic equations to reach FcP with kinetic data 

are eq 3 and 4 (the derivation of these equations is included in Appendix A).  Briefly, to 

obtain FcP, the “quantum yield of the pair” (ϕpair) must be determined and then eq 3 may 

be used to calculate FcP (ΦObs is the observed quantum yield during the experiment, see 

Appendix A). 

(3) 

 

(4) 

 

To determine ϕpair, measurements of ΦObs are made at differing bulk viscosities.  

The viscosity of the solution may be augmented by increasing the volume percentage of a 

viscosity enhancer (viscogen).  The choice of viscogen must be done with care to prevent 

selective solvation.  This is a situation where the solvent cage around the caged radical 

pair is not representative of the bulk solution.  A common system would be the solvent 

n-hexane, paraffin oil as the viscogen, and CCl4 as the radical trapping agent.  A plot of 

ΦObs
-1 vs bulk viscosity (η) can then be extrapolated to the y-intercept to yield ϕpair (eq 4).  
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The y-intercept is at infinite fluidity and at this point ΦObs = ϕpair.  Finally, ΦObs and ϕpair 

are used with eq 3 to calculate FcP.  A plot of FcP vs bulk viscosity (Figure 1.1) illustrates 

the differences between a Cp′2Mo2(CO)6 dimer and a Cp′2W2(CO)6 dimer.23  The best-fit 

line for this FcP–bulk viscosity relationship is logarithmic in nature (the reason for this 

particular line-shape is discussed in section 3.4). 

 

 

Figure 1.1.  FcP dependence on bulk viscosity for two Cp′2M2(CO)6 dimers 

(where M = Mo, or W).  Paraffin oil/n-hexane/CCl4 solvent system at 23 °C, hν at 550 

nm, with error ± 2σ.23 

 

 The values of FcP for the Cp′2W2(CO)6 dimer are significantly higher than those 

of the Cp′2Mo2(CO)6 dimer.  There are multiple factors that may be responsible for this.  

Again, the complete goal would be to understand every aspect that affects the solvent 

cage effect.  There is a significant difference in the bond dissociation energy vs excitation 

energy between the two dimers (hν = 52 kcal/mol at 550 nm; Dw-w ≈ 56 kcal/mol25; 

0.0

0.2

0.4

0.6

0.8

1.0

0.0 2.0 4.0 6.0 8.0 10.0 12.0

F
c
P

Bulk viscosity (cP)

W

Mo

Cp′2W2(CO)6 

Cp′2Mo2(CO)6 



8 

DMo-Mo ≈ 32 kcal/mol26).  In systems with organic based radicals, the difference between 

excitation energy and bond dissociation energy is converted to translational energy of the 

radical.  This would lead to more cage escape (kdP) for the molybdenum radicals.  There 

is also an increase in spin-orbit coupling from molybdenum to tungsten that may 

potentially play a factor (this will be tested later in section 1.5).23  Lastly, a prediction 

from Noyes is that the size and mass of a radical greatly affect its recombination 

efficiency.27,28  The larger mass of the tungsten radical would lower kdP and hence raise 

FcP. 

 

1.4.       Dependence on Mass and Size of the Radical 

 

 There are many different sized radicals that can range from the hydrogen radical 

of 1 Da to polymer radicals that are 106 Da.29  Some theoretical basis from Noyes 

postulated that the solvent cage effect is dependent on both the mass and size of the 

radical.27,28,30  Testing the dependence of FcP on mass and volume was an attractive next 

step that could lend answers to the discrepancy in FcP values between Cp′2W2(CO)6 and 

Cp′2Mo2(CO)6 dimers.  Synthetic additions to a Cp ligand on a metal-metal dimer would 

increase both mass and volume.  From the previous experiments with Cp′2W2(CO)6 and 

Cp′2Mo2(CO)6 dimers, it became apparent that the identity of the bond that was breaking 

had to be constant in order to isolate mass and size dependence.  The molybdenum based 

dimer was chosen to continue these experiments due to its ease of synthesis.  

 A variety of molybdenum based dimers were synthesized to test mass and size 

affects (Scheme 1.4).31–33  The ethyl spacer between the cyclopentadiene ligand and the 

FcP 

0 
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modified silyl group isolates the Mo-Mo bond.  This made all of the derivatives (1-1  

5-5) have nearly the same electronic spectrum (changes in the electronic spectrum would 

change the energy required to irradiate).  Thus the experimental conditions are unchanged 

from the prior experiments for this new series of molecules.  These new molecules were 

easily synthesized using the (HOCH2CH2Cp)2Mo2(CO)6 dimer as the starting point.34,35  

The alcohol group of this dimer allows a functionalization handle. 

 

 

Scheme 1.4.  Molybdenum dimer with ligand modifications to increase size and mass.33 

 

 The recombination efficiency was measured for all of these new molybdenum 

dimers.  Plots of FcP vs bulk viscosity show the same dependence on bulk viscosity as 

demonstrated before (Figure 1.2).  From the plot it is difficult to immediately see exactly 

how size and mass affect FcP.  A change in how the data is plotted may give more insight.  

Noyes predicted in his mathematical model that FcP will increase as radical size (r) 

increases and as radical mass (m) decreases.  The formula may be written as kdP/kcP ∝ 

m0.5/r2 (kdP/kcP is equal to FcP
-1-1).  A plot of FcP vs m0.5/r2 shows the expected 

relationship from theory (Figure 1.3).  The linear best-fit lines all follow to the origin, a 

requirement of the Noyes’ theory.33  This experimental work neatly compliments the 

theoretical work of Noyes.  
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Figure 1.2.  Plot of FcP vs bulk viscosity for the functionalized 

(R3SiOCH2CH2Cp)2Mo2(CO)6 dimers (R identity indicated by legend).  Mineral 

oil/n-hexane/CCl4 solvent system at 23 ± 1 °C, hν at 540 nm, with error ± 1σ.33 
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Figure 1.3.  Plot of FcP
-1-1 vs mass0.5/radius2 for the functionalized 

(R3SiOCH2CH2Cp)2Mo2(CO)6 dimers.  Dashed lines follow along the same identity of 

R-group on the dimer.  Solid lines are linear best-fit.  Mineral oil/n-hexane/CCl4 solvent 

system at 23 ± 1 °C, hν at 540 nm.33 

 

 The functionalization of the molybdenum dimer with greater size and mass was 

continued to further probe the relationship of FcP with mass and radius of the radical.  

This further experimental work was done to ensure the generality of the FcP ∝ m0.5/r2 

relationship.  Due to their ease of synthesis, amide functionalized molybdenum dimers 

were made (Scheme 1.5).36,37  Measured FcP values for these dimers were nearly identical 

regardless of the size of the R group (Scheme 1.5).38  This was very surprising 

considering the initial success of the silyl functionalized molybdenum dimers 

(Scheme 1.4).  It was hypothesized that an agostic interaction between the N-H of the 

amide and the molybdenum radical was forming a stable six-membered ring (Scheme 

1.5).38  The FcP values would thus be independent of the size of the R groups.   
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If this agostic interaction is indeed affecting FcP, this type of strategy would be 

useful in adding photodegradable Mo-Mo bonds into polymers.  Essentially the polymer 

backbone acts as an extremely large R-group and inhibits cage escape (photochemical 

degradation of the polymer).  With an agostic interaction, the FcP values would be 

independent of the large R-group and result in a much faster photodegradation of the 

polymer. 

 

Scheme 1.5.  In-cage trapping of the molybdenum-centered radical by an amide-H 

atom.38 R-groups vary in length as R= –(CH2)nCH3 with (n = 3, 8, 13, 18). 

 

 To test this hypothesis, the amide-H atoms were replaced with methyl groups 

(Scheme 1.6).38  There should be no agostic interaction between the methyl group and a 

molybdenum radical.  The FcP values for these complexes were again measured and a 

plot of FcP
-1-1 vs m0.5/r2 (where r is the effective radius of a sphere with the same volume 

as the radical).  This compares nicely to the previously observed data for the silyl 

complexes (Scheme 1.4).  The FcP values changed as a function of their mass and radius.  

The radicals themselves are considerably different from spherical, hence using the 

radical’s radius was inappropriate.  However, using either the surface area or the 

“effective radius” of a sphere (that has the same volume as the radical) worked well 

(Figure 1.4).  This presented a nice modification to the Noyes theory (using a spheres 

radius) to a molecular shape of any size (surface area). 
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Scheme 1.6.  Functionalized molybdenum dimer with methyl groups in place of amide-H 

atoms from Scheme 1.5.38 

 

 

Figure 1.4.  Plot of FcP
-1-1 vs mass0.5/(effective radius)2 for molybdenum dimers 6-6, 7-7, 

and 8-8 (see Scheme 1.6).38 (Hexanes/squalane (viscogen)/CCl4 solvent system with hν = 

546 nm.) 

 

 It is possible that this newly confirmed relationship of FcP ∝ m0.5/r2 can now 

explain why FcP is much larger for the Cp′2W2(CO)6 dimer compared to the 

Cp′2Mo2(CO)6 dimer (Figure 1.1)?  A plot of FcP vs bulk viscosity of Cp′2W2(CO)6, 

Cp′2Mo2(CO)6, and 1-1 showed this is not the case (Figure 1.5).  Cp′2W2(CO)6 and 1-1 

are plotted together because the resulting radicals have similar mass (347 and 361 Da, 

respectively).  Clearly from the graph, the tungsten dimer has a much higher FcP even 
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when compared against a similar sized molybdenum dimer.  A plot of FcP
-1-1 vs 

mass0.5/radius2 for the tungsten dimer also did not clarify the discrepancy.  From this, it 

was concluded that either spin-orbit coupling or the difference in bond dissociation 

energy is the reason for the difference in FcP and not radical size or mass. 

 

 

Figure 1.5.  Plot of FcP vs viscosity for Cp′2W2(CO)6, Cp′2Mo2(CO)6 and 

(Me3SiOCH2CH2Cp)2Mo2(CO)6 in hexane/mineral oil/CCl4 at 23 ± 1 °C, error ± 1σ.33 

 

1.5. Spin-Orbit Coupling in Metal Based Radicals 

 

 Spin-orbit coupling to explain the discrepancy between FcP of Cp′2W2(CO)6 and 

Cp′2Mo2(CO)6 was further tested.  This could also demonstrate how the difference 

between 2nd and 3rd row transition metal spin-orbit coupling can have an effect on 

reactivity.  An increase in spin-orbit coupling would facilitate intersystem crossing (ISC).  

Classically, the homolytic cleavage of a bond results in an initial triplet state that must 
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intersystem cross to a singlet state before recombination can occur (Scheme 1.7).3  

Perhaps there is a “spin-barrier” to recombination for the molybdenum dimers that results 

in a much lower FcP than the tungsten dimers.  This would occur if the rate of triplet to 

singlet intersystem crossing [kISC(TS)] is slow compared to the recombination rate (kcP) 

for the molybdenum dimers.  Spin-barriers for carbon based radicals are fairly common 

but for metal based radicals it is generally assumed that there is no spin-barrier because 

the transition metal radical acts as the heavy atom.  However, that train of thought 

doesn’t limit the postulation that spin barriers can occur at metal based radicals.39 

 

 

Scheme 1.7.  Photolysis of a generic R-R dimer that results in an initial triplet state.40 

 

 The possible spin-barrier was probed using heavy atoms.  Spin-orbit coupling rate 

constants are influenced by high nuclear charge (Z) atoms near them (“heavy atom 

effect”).40  This can occur when the heavy atom is a component of the molecule in 

question or part of the solute/solvent.  Hence, if a spin-barrier is present, the ΦObs will 

change if the system contains a heavy atom.  The heavy atom probe 1-iodobenzene was 

added to solutions and tested by bulk photolysis and using femtosecond transient 

absorption spectroscopy (2.0 M iodobenzene was calculated to be sufficient to cause a 

change in ΦObs).
40  Controls with 1-clorobenzene were also conducted.  ΦObs did not 
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change with the addition of 1-iodobenzene for Cp′2Mo2(CO)6, Cp′2Fe2(CO)4, or 

Cp*2TiCl2 (Cp* = 5-(CH3)5C5, Figure 1.6).  Photolysis of Cp*2TiCl2 produces a metal 

based radical [Cp*TiCl2]· and a carbon based radical ·[Cp*].  Because there was no 

change in ΦObs, there is no spin-barrier for recombination in these transition metal 

complexes. 

 

 

Figure 1.6.  Plot of ΦObs vs bulk viscosity for three organometallic complexes.  Filled 

symbols and solid best-fit lines represent data collected in the presence of 2.0 M.  

1-chlorobenzene.  Open symbols and dashed best-fit linesrepresent data collected in the 

presence of 2.0 M 1-iodobenzene. (n-hexane, squalane/CCl4)
40 

 

Explaining the difference of FcP for Cp′2Mo2(CO)6 and Cp′2W2(CO)6 cannot be 

done with the spin-orbit coupling or with the differences in mass of the radicals.  There is 

a significant difference between bond dissociation energy and the excitation energy 
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evidenced by the ΦObs dependence on wavelength of irradiation.27,28,30  However this 

assessment may not be true for multiatomic radicals where excess energy is rapidly lost 

to the solvent through vibrational modes.41  Instead, the larger FcP values for 

Cp′2W2(CO)6 may reflect the increased driving force to recombination when compared to 

Mo radicals (Figure 1.7).33  Consequently there would be a lower activation barrier and 

recombination would be much more probable. 

 

 

Figure 1.7.  A comparison of what the reaction coordinate may look like for both a 

Mo-Mo and a W-W bond.  The energies of the two cage pairs are shown as equal to assist 

in the comparison.33 
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1.6. Primary and Secondary Solvent Cages 

 

 Although bulk photolysis yields wonderful kinetic data to get FcP, the ultra-fast 

dynamics of the radical cage effect are quite hidden.  The Cp′2Mo2(CO)6 dimer contains 

two major features in its electronic spectrum, a dπ  σ* at 515 nm and a much more 

intense σ  σ* at 319 nm.  This lends the molecule to two-color femtosecond pump-

probe transient absorption spectroscopy.  The radical cage pairs may be generated by 

pumping at 515 nm and the reaction kinetics may be probed at 400 nm.  The 

photochemistry of the Cp′2Mo2(CO)6 dimer is well known at both of these 

wavelengths.42,43  The use of femtosecond spectroscopy allows the observation of the 

earliest moments of the solvent cage effect (the appropriate kinetics derivations and 

experimental setup are outside the scope of this introduction and are fully described 

elsewhere42). 

 When molybdenum dimers of increasing size and mass were measured using the 

two-color femtosecond pump-probe transient absorption method, the cage recombination 

efficiencies were essentially the same.  In contrast, the bulk photolysis method showed 

increases of FcP with increasing size and mass.  It soon became apparent that the 

femtosecond spectroscopy method was measuring a primary cage recombination 

efficiencies (Scheme 1.8).  A secondary cage occurs when a solvent molecule(s) occupies 

the space between two geminate radicals.  In other words, a radical escapes the primary 

cage but is still caged nearby in the secondary cage.  A secondary cage effect is when 

geminate radicals recombine to reform the parent molecule even after a primary cage 

escape.  There are recombination efficiencies for both the primary (Fc1, eq 5) and the 
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secondary solvent cage (Fc2, eq 6) with the original FcP being the net cage recombination 

of the two. 

 By measuring Fc1 with femtosecond spectroscopy, and measuring FcP by bulk 

photolysis, Fc2 may be calculated.  This was done for a series of molybdenum dimers 

with increasing size and mass (Table 1.1).  Primary recombination efficiencies are 

unaffected by the radical size whereas secondary cage effects are dominated by the 

radicals size and mass. 

 

 

Scheme 1.8.  Mechanistic model for primary and secondary solvent cage effects.44  

 

(5) 

 

(6) 
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Table 1.1.  Primary (Fc1), secondary (Fc2), net (FcP) recombination efficiencies for 

(RCp)2Mo2(CO)6 dimer, where R = –CH2CH2N(CH3)C(O)(CH2)nCH3 (see Scheme1.6).44 

Cp ligand Fc1 FcP Fc2 

n = 18 0.43±0.02 0.70±0.04 0.68 

n = 13 0.44±0.01 0.59±0.04 0.45 

n = 8 0.42±0.03 0.48±0.03 0.22 

n = 3 0.42±0.02 0.42±0.03 0.0 

Cpʹ = 5-CH3C5H4 0.31±0.01 0.31±0.03 0.0 

 

The ultra-fast kinetics lead to some intriguing observations regarding the primary 

solvent cage effect.  The typical lifetime of a primary geminate radical pair is 5 ps or 

less.42,43  The rotational correlation time for a small molybdenum dimer [Cp′2Mo2(CO)6] 

is 36 ps.43  This means that for a primary geminate radical pair, there is no rotation of the 

radical.  This means that in the primary cage, the radical orbitals are correctly aligned for 

recombination.  In the secondary cage, there is enough time for the radicals to rotate and 

cause misalignment.  Misaligned orbitals do not have sufficient orbital orientation to 

recombine.  This has major implications for radicals that don’t originate from the same 

dimer and instead randomly encounter another free radical (collisional cage pairs).  

Collisional cage pairs are more likely to be misaligned, disfavoring recombination.  If 

this is the case, then the photochemical recombination efficiency (FcP) will be larger than 

the collisional recombination efficiency (Fcʹ) because more primary collisional the radical 

pairs has a mis-orientation of radical orbitals. 

The overall scheme that includes primary, secondary, collisional, and mis-aligned 

radical pairs begins to get fairly complex (Scheme 1.9) when a radical trap is not present 
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to capture free radicals.  Theoretically, why FcP is much greater than Fcʹ can be easily 

explained by the population difference between the primary photochemical radical pair 

[R·,·R] and the primary collisional radical pair [R·,·R] (Scheme 1.9).  The primary 

photochemical radical pair [R·,·R] begins after photolysis whereas the primary collisional 

radical pair [R·,·R] starts from the secondary collisional radical pair [R·,S,·R].  

Experimental results comparing FcP and Fcʹ are presented in Chapter VI. 

 

1.7. Bridge 

 

 This introduction sets the stage for my dissertation with known factors that affect 

the solvent cage effect as well as a few unknowns.  The goal of the project is to 

understand every factor that influences FcP so that a quantitative model may be 

constructed.  First, the fact that solutions with the same bulk viscosity have different 

solvent cage effects is thoroughly investigated (Chapter II and III).  This is especially the 

case when a large viscogen is used (such as a polymer) or switching the base solvent 

(n-hexane to tetrahydrofuran). 
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CHAPTER II 

RADICAL CAGE EFFECTS: COMPARISON OF SOLVENT 

BULK VISCOSITY AND MICROVISCOSITY IN PREDICTING 

THE RECOMBINATION EFFICIENCIES OF RADICAL CAGE 

PAIRS 

Justin T. Barry, Daniel J. Berg, David R. Tyler* 

Department of Chemistry and Biochemistry, University of Oregon, Eugene, OR 

97403-1253 

 

 Chapter II of my dissertation is a modified form of a published paper.  

Reproduced with permission from J. Am. Chem. Soc. 2016, 138, 9389–9392.  Copyright 

2016 American Chemical Society.  I developed the experimental design, did the majority 

of the experiments, and wrote the manuscript.  This work was co-authored with David R. 

Tyler and Daniel J. Berg.  The contents on the published supporting information are 

provided as Appendix B. 

 

2.1. Introduction 

 

A goal of our research is to uncover the underlying principles that govern radical 

cage effects so we can understand radical reactivity better.  We report here that solvent 

microviscosity is more appropriate than macroviscosity (bulk viscosity) for describing the 

“strength” of the solvent cage and for quantifying the recombination efficiency of radical 
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cage pairs. The term “radical cage effect” refers to the phenomenon that the probability 

of recombination of a radical pair is greater in solution than in the gas phase.1–3  The 

origin of this effect is the solvent “cage,” a term introduced by Franck and Rabinowitch 

in 1934 for a hole in the solvent that temporarily traps a pair of reactive molecules 

causing them to remain as colliding neighbors for a short period of time before random 

motion allows their separation (Scheme 2.1).4,5  Radical cage effects have an enormous 

impact on chemical reactivity in solution.6,7  In particular, they are necessary to explain a 

host of kinetic observations and fundamental reaction phenomena.  For example, cage 

effects are necessary to explain magnetic isotope8,9 and CIDNP10,11 effects, rate-viscosity 

correlations,12 variations in products and yields as a function of medium,13,14 variations in 

quantum yields as a function of medium,15 and regio- and stereochemical control.16–18  

Examples of important reactions where cage effects are necessary to explain the kinetics 

include the initiation, propagation, and termination steps of radical polymerization 

reactions,19–24 the reactions of coenzyme B12 and its model complexes,8,25–29 the reactions 

of hemes with O2,
30 and various electron transfer reactions.31–34  New observations of 

cage effects and their impact on reactivity are reported regularly.35–56 

With reference to the radical cage pair formed by the bond homolysis in 

Scheme 2.1, the “cage recombination efficiency” (FcP) is defined as FcP = kc/(kc + kd).
57  

For quantitative purposes (e.g., in radical polymerization initiator kinetics) it is necessary 

to know the value of FcP.  Although FcP is intuitively related to the viscosity of the 

solution, numerous studies have shown that bulk viscosity is utterly inadequate for 

predicting the value of FcP and, in general, for quantitatively describing how solvents 

affect the dynamics of the cage effect.4,6  As shown below, FcP for the same radical cage 
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pair can have remarkably different values in different solvents having the same bulk 

viscosity.58  Various models have been proposed that attempt to quantify FcP and the cage 

effect in terms of solvent parameters other than bulk viscosity.  For example, models 

involving internal pressure, cohesive energy density, and solvent density have all been 

proposed.59–61  However, all of these models inadequately rely on bulk solvent 

parameters.  Furthermore, several of these parameters are exceedingly complex and not 

conveniently measured.  As a result, there is still no good model that adequately relates 

the strength of the solvent cage to the physical properties of the solvent.59 

 

 

Scheme 2.1.  Photodissociation of a general molecule (R-R) that results in a radical cage 

pair. 

 

2.2. Results and Discussion 

 

Because the solvent cage effect is a localized phenomenon, we hypothesized that 

local viscosity (i.e., microviscosity) is more appropriate than bulk viscosity for describing 

the cage effect and, in particular, for predicting FcP.  In this communication, we present 

the results of a study that tested the hypothesis that microviscosity is a more appropriate 

predictor of FcP than macroviscosity. 

Solvent-caged radical pairs were generated by irradiation ( = 532 nm) of the 

Cp′2Mo2(CO)6 molecule (Cp′ = 5-CH3C5H4) in the solvent systems described below 

(Scheme 2.2).58,62–67  Prior work in our laboratory established methods for measuring FcP 
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for photochemically generated radical cage pairs.58,67–69  In brief, the quantum yields for 

the reaction of Cp′2Mo2(CO)6 with CCl4 (Scheme 2.2) were measured as a function of 

solvent bulk viscosity.  (The viscosity was changed by adding a viscogen to the solvent.  

In order to avoid selective solvation, the viscogen was chosen so that it has a similar 

chemical structure and composition to the solvent.  For example, IR-grade paraffin oil 

was added to hexane to increase the bulk viscosity of the hexane solution.)  From the 

resulting plots of quantum yields vs bulk viscosity (see Appendix B), it is possible to 

calculate FcP as a function of bulk viscosity by the method reported in our prior 

papers.58,63,68 

 

 

Scheme 2.2.  Photolysis of Cp'2Mo2(CO)6 results in a caged radical pair. 

 

Plots of FcP as a function of macroviscosity for five solvent systems are shown in 

Figure 2.1.  The five solvent systems (solvent/viscogen) are (1) hexane/paraffin oil; 

(2) hexane/polybutenes (Mn = 3200); (3) toluene/1,1-bis(3,4-dimethylphenyl)ethane 

(abbreviated “DXE”); (4) toluene/polystyrene (Mw = 45,000); and (5) 

hexamethyldisiloxane/poly(dimethylsiloxane) (Mw = 3780) (abbreviated HMDS and 

PDMS, respectively). CCl4 (20% by weight) was added to each sample as the radical 

trapping agent (Scheme 2.2).70  Note in the figure that, at any selected bulk viscosity, the 

FcP values in the five solvent systems are all different.  These results illustrate the point 
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made above that FcP can be dramatically different in different solvent systems with the 

same macroviscosity.  

 

 

Figure 2.1.  Plot of cage recombination efficiency (FcP) as a function of solvent system 

bulk viscosity (cP). Each sample contains 20 wt% CCl4; error bars are 1; and the curves 

are only a visual guide. 

 

 

To investigate the hypothesis that microviscosity is a better parameter for 

describing and interpreting FcP, it was necessary to find a measurable solvent property 

that tracks with microviscosity.  In studies of biological molecules (e.g., protein folding 

studies), there is a general consensus that rotational diffusion coefficients, obtained from 

NMR T1 measurements, are correlated with the local viscosity of the solvent 

environment.71  For technical reasons, T1 measurements were not possible with the 

molecules and radicals used in this study.72 However, other studies have shown that 

rotational and translational diffusion coefficients can be interchanged when probing the 
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microenvironment of biological molecules,73–76 and therefore we used translational 

diffusion coefficients.77   

The translational diffusion coefficients of the radicals in the five solvent systems 

used in this study were measured using NMR diffusion ordered spectroscopy (DOSY) 

(Table 2.1).  More specifically, the translational diffusion coefficients were measured 

using a stable organometallic surrogate for the highly reactive [Cp'Mo(CO)3] radicals.  

(C6H6)Cr(CO)3 was chosen as the probe because FcP is related to the radical mass and size 

according to the Noyes equation (FcP  mass0.5/radius2), and the Cp'Mo(CO)3 and 

(C6H6)Cr(CO)3 species are reasonably similar in mass and size.58,78,79  (The relevant 

physical parameters for (C6H6)Cr(CO)3 and the [Cp'Mo(CO)3] radical are presented in the 

Appendix A, along with a more detailed justification for using (C6H6)Cr(CO)3 as a 

surrogate for [Cp'Mo(CO)3] radical.)  According to the Stokes-Einstein equation,80 

viscosity is inversely proportional to the translation diffusion coefficient (D) so 1/D was 

taken as the solvent parameter representing microviscosity.81 

 

Table 2.1.  Solvents and viscogens used in this study.a 

solvent viscogen 
bulk viscosity 

range (cP) 

microviscosity range 

(x109 s/m2) 

n-hexane 
paraffin oil 0.36-20.61 0.28-6.08 

poly(butenes) 0.36-18.27 0.28-2.31 

toluene 
DXE 0.61-8.02 0.57-5.05 

poly(styrene) 0.62-30.22 0.61-0.83 

HMDS PDMS 0.54-18.21 0.41-1.94 
aEach sample contained 20 wt % CCl4 
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Figure 2.2.  Cage recombination efficiency (FcP) plotted as a function of microviscosity 

(1/D). Each sample contains 20 wt% CCl4, error bars are 1; and the curves are only a 

visual guide. 

 

The FcP values in the five solvent systems in Figure 2.1 are shown replotted as a 

function of the microviscosity (1/D) in Figure 2.2.  Note that the FcP values for all five 

solvent systems are nearly the same for identical values of the microviscosity.  This result 

shows that microviscosity provides the best correlation to date between the solvent and 

the value of FcP.  Restated, the microviscosity is the parameter of choice when probing 

solvent effects on the radical cage effect.  

Radical-radical recombination requires that the two radicals have the correct 

orbital orientation to react.  Therefore, it might seem that, in addition to being a function 

of 1/D, the microviscosity should also be a function of a parameter related to the rate of 

radical rotation such as the rotational correlation time, c.  However, as noted above, 

studies of biological molecules have shown that the rotational and translational diffusion 
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coefficients can be used interchangeably to probe the microenvironment of biological 

molecules.  Thus, in a description of microviscosity involving both 1/D and c, the c 

term can be written as a function of D to yield an expression for microviscosity involving 

only D.  

 

2.3. Conclusion 

 

In conclusion, the experiments reported here suggest that for nonpolar solvent 

systems quantitative discussions pertaining to FcP should be based on microviscosity 

rather than bulk viscosity.  In essence, if the translational diffusion coefficient for a 

particular radical in a cage pair is known then an accurate cage recombination efficiency 

is predictable, independent of the solvent system.  This predictive power will be useful 

wherever quantitative knowledge of radical reactivity is necessary.  It is noted that the 

method described above can be applied in reverse.  That is, if FcP is known then the 

diffusion coefficient of the molecule can be determined; in turn, the microviscosity of the 

local environment around the caged molecules can be probed.  This reverse application 

would provide a method for determining the microviscosity in complex systems such as 

active sites of enzymes or in heterogeneous reactions.  Polar solvent systems and 

hydrogen-bonding solvent systems are currently being investigated in our laboratory to 

determine if the results obtained above with nonpolar solvents are also applicable in these 

types of solvents.   
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2.4. Bridge 

 

Using microviscosity to predict FcP in non-polar systems led to the next series of 

experiments detailed in Chapter III.  The question becomes “does microviscosity also 

dictate FcP in polar solvent systems?”  It is unclear from the reported data above that the 

microviscosity of the solvent cage could be accurately determined using the surrogate 

probe in polar solvents. 

The microviscosity was determined by using a diffusion coefficient from 

DOSY-NMR.  A complimentary technique would useful if performing DOSY was not an 

option.  For instance, if solvent peaks overlap with the probe molecule.  A fluorescence 

method using pyrene as the probe molecule is explored in Chapter III. 
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CHAPTER III 

RADICAL CAGE EFFECTS: THE PREDICTION OF RADICAL 

CAGE PAIR RECOMBINATION EFFICIENCIES USING 

MICROVISCOSITY ACROSS A RANGE OF SOLVENT TYPES  

 

Justin T. Barry, Daniel J. Berg, David R. Tyler* 

Department of Chemistry and Biochemistry, University of Oregon, Eugene, OR 

97403-1253 

 

 Chapter III of my dissertation is a modified form of a published paper.  

Reproduced with permission from J. Am. Chem. Soc. 2017, 139, 14399-14405.  

Copyright 2017 American Chemical Society.  I developed the experimental design, did 

the majority of the experiments, and wrote the manuscript.  This work was co-authored 

with David R. Tyler and Daniel J. Berg.  The contents on the published supporting 

information are provided as Appendix C. 

 

3.2. Introduction 

 

 Homolysis of a covalent bond in solution produces radicals that are initially held 

close together by a solvent “cage” before they can diffuse apart.  In comparison to a gas-

phase reaction, the solvent cage increases the probability that the newly formed radicals 

will recombine to form the original covalent bond.  This phenomenon was first explained 
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in 1934 by Franck and Rabinowitch, who described the solvent cage as a hole in the 

solvent that temporarily traps two reactive molecules together until random motion 

allows their separation (Scheme 3.1).1–3  The “radical cage effect” successfully explains 

many aspects of radical chemistry, including magnetic isotope effects,4,5 radical 

polymerization kinetics,6–12 cobalamin reactivity,13 product distributions in 

photochemistry,14 stereochemistry of rearrangements,15,16 the reactivity of halogenase 

analogues,17 and chemically induced dynamic nuclear polarization effects (CIDNP).18,19  

In addition to the solution phase, the cage effect has been observed to occur in solid state 

films,20,21 inside micelles,22 as well as in compressed and supercritical gases.23  New 

reports of the radical cage effect appear frequently in the literature.24–47 

 

 

Scheme 3.1.  Photodissociation of a general Molecule (R-R) results in a radical cage pair. 

 

A mechanistic model for the photolysis of a bond and the formation of a radical 

cage pair is shown in Scheme 3.1.  In quantitative terms, the “cage recombination 

efficiency,” denoted by Fc, is defined as Fc = kc/(kc + kd). An important point is that Fc for 

a photochemically formed cage pair does not necessarily equal Fc for the same cage pair 

formed by thermolysis or by diffusional collision of two free radicals.48  In order to 



34 

differentiate these cases, the photochemical cage recombination efficiency is denoted FcP.  

In order to quantitatively interpret many radical reactions, it is necessary to know or be 

able to predict FcP.  Unfortunately, such predictions are nearly impossible to make.  Most 

studies have focused on using the solvent bulk viscosity as a means to predict FcP.  

Intuitively, kdP (Scheme 3.1) is dependent on the bulk viscosity.  The rationale is that 

higher bulk viscosity forms a stronger solvent cage, which prevents facile diffusion.  

Overall, a stronger solvent cage would increase FcP.  However, numerous studies have 

shown that the solvent bulk viscosity is inadequate for quantitatively predicting FcP.49,50  

In particular, solvents with the same bulk viscosity can have drastically different FcP 

values.51–53  Other studies have investigated internal solvent pressure, cohesive energy 

density, and solvent density as a way to predict and interpret FcP.  These methods have 

likewise met with little success.54–56  Furthermore, many of these latter solvent properties 

are complex and not easily or conveniently measured. 

Further complicating the study of the radical cage effect is the difficulty in 

determining FcP for some systems.57,58  As a result, our lab developed a straightforward 

method for determining FcP using a model system based on photolysis of the Mo-Mo 

bond in the Cp'2Mo2(CO)6 dimer (Cp' = η5-CH3C5H4).
59,60  This model system allowed us 

to study the effect of radical mass, size, and shape on FcP.51  The study reported here uses 

the Cp'2Mo2(CO)6 system to investigate if the solvent microenvironment is a better 

parameter than bulk viscosity for predicting FcP values.  A portion of this study has been 

previously communicated.53 
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3.2. Methods 

 

General Considerations 

All manipulations were carried out in the absence of water and atmospheric 

oxygen using standard glovebox and Schlenk techniques.  To prevent unwanted 

photochemistry, a glove box was fitted with dark shrouds and the lights replaced with 

deep-red (633 nm) light emitting diodes.  A standard darkroom with a deep-red safety 

light was also used. 

Solvent systems used in this study had to meet a number of criteria to be useful.  They 

should: not undergo disproportionation reactions with Cp'2Mo2(CO)6; not overlap in the 

1H-NMR with C6H6Cr(CO)3; be miscible with the radical trapping agent CCl4 at 20 

vol%; and significantly perturb either bulk viscosity or microviscosity.  Solvent systems 

are detailed in Table C.1 with ranges of both bulk viscosity and microviscosity, and with 

relevant Mw for polymeric high viscosity additives (“viscogens”). 

 

Determination of Bulk Viscosity 

A Gay-Lussac pycnometer was used to determine the density of the solutions.  

The pycnometer was previously calibrated with 18 MΩ water at 25.0 °C.  Solvent 

systems and the pycnometer were temperature-equilibrated in a box that was regulated 

with a heat exchanger at 25.0 °C for at least 30 minutes prior to measurement.  Three 

Ubbeholde viscometers with different kinematic viscosity ranges were used in this study 

(Cannon Instrument UB-50, UB-75, and UB-100).  A temperature regulated water tank 

was used to partially submerge the viscometers (regulated at 25.0 °C).  The viscometers 
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measured kinematic viscosity, which was converted to dynamic viscosity (referred to as 

bulk viscosity in this paper, and measured in centipoise, cP).  The viscometers were 

calibrated using neat solvents of a varying and known viscosity (Table C.2, Figure C.1). 

 

Photolysis Setup 

An Oriel Merlin radiometry system was used to monitor the photoreaction of 

Cp'2Mo2(CO)6 in various solutions.  The irradiation source was a modified 50 mW 

frequency doubled Nd:YAG diode laser pointer module (DPSS-5, 532 nm, Beam of Light 

Technologies) with a Oriel 100 mm2, NIST-calibrated silicon photodiode (model 70356) 

detector.61  The beam was chopped with a five-blade chopper (Oriel model 75163) 

operating at 30.0 Hz to eliminate electrical line noise.  A custom built water-jacketed 

cuvette-holder stir plate was regulated at 25.0 °C.  The entire system was regulated at 

25.0 °C using an air-flow radiator and water recirculator.  Each sample was prepared in a 

darkened glovebox under an inert atmosphere before being transferred into a Schlenk 

UV-vis cell. 

 

Determination of FcP 

In brief, finding FcP involved measuring quantum yields for the disappearance of 

Cp'2Mo2(CO)6 as a function of solvent bulk viscosity.  For the purposes of this work, all 

kinetic expressions and treatments are for a photochemical cage pair and not a thermally 

generated one.48  When a Cp'2Mo2(CO)6 dimer is photolyzed at 532 nm, a radical cage 

pair is formed.  The metal radicals may recombine (kcP) or diffuse (kdP) from the geminate 

radical cage.  Diffusion out of the cage (kdP) leads to trapping of the radical with CCl4 
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(Scheme 3.2).59  This reaction has been extensively studied with UV-vis and IR 

spectroscopy and shows no side reactivity.62  At a high enough concentration of CCl4, 

collisional radical pairs produced by back diffusion (kD, Scheme 3.1) are suppressed.  The 

correct concentration of CCl4 was previously determined.51  Radical trapping in the 

solvent cage does not occur, and only radicals that have diffused out of the cage are 

trapped (i.e., no “in-cage” trapping occurs).51  The [CCl3] radicals produced do not react 

further with either the parent dimer or metal radicals.63  Additionally, the multiplicity of 

the metal radicals has no effect on FcP (i.e., there is no “spin barrier” to recombination).64  

 

 

Scheme 3.2.  Photochemical production of caged radicals and subsequent trapping by 

CCl4. 

 

The observed quantum yield (Φobsd, for the disappearance of Cp'2Mo2(CO)6) is 

given by eq 1.  The linear portion of the absorbance slope (dA/dt) was used with the 

measured quantities of ε (extinction coeff.), volume, intensity, and the known path length 

of the cell.  An example kinetic trace is shown as Figure C.2. The 100/%A term is a 

correction for nonabsorbance. 

 

 (1) 

 

Φobsd is related to the kinetic terms of Scheme 3.2 and to FcP by eq 2. 
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(2) 

 

Finding φpair will then yield the desired quantity FcP. To find φpair, a further rearrangement 

is necessary to yield eq 3. 

 

(3) 

 

The term kdP is inherently related to the bulk viscosity of the system.  As the viscosity of 

the system decreases, kdP becomes very large, and the term (kcP/kdP) becomes very small.  

If kcP and φpair are assumed to be independent of bulk viscosity then the y-intercept of a 

plot of 1/Φobsd versus viscosity is equal to φpair.  See Figure C.3 for an example. Once φpair 

has been determined for a solvent system, Φobsd values are converted to FcP using eq 2. 

 

Excimer Fluorescence 

Pyrene (Eastman Organic Chemicals, 98%) was first recrystallized from ethanol 

and then sublimed under reduced pressure.  All samples were then manipulated in a dark, 

dry glovebox under inert atmosphere.  Fluorescence measurements were conducted using 

a Quanta Master 40 spectrofluorometer (Photon Technology International) equipped with 

a Quantum Northwest TLC-50 temperature controller set at 25.0 °C ± 0.05 °C.  Samples 

tested had a concentration of 10 mM pyrene.  The excitation wavelength was 371 nm 

with an emission scan from 372-550 nm.  See Figure 3.6 for a sample set of pyrene 

fluorescence spectra. 
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Determination of Diffusion Coefficient by NMR 

NMR samples contained a flame sealed internal lock capillary of acetone-d6 and 

were subsequently flame sealed under a blanket of argon.  Diffusion ordered 

spectroscopy (DOSY) was performed on either a 500 or 600 MHz Bruker spectrometer 

(operating at 1H 500.23 or 600.02 MHz, respectively) using the ledbpgp2s pulse 

sequence. See Figure C.4 for a sample spectrum.  Pulse widths were individually 

calibrated to be 90°.  A methanol temperature probe was used to confirm the internal 

temperature (25 °C) of the probe prior to experimentation.65 

 

Determination of Solvent Polarity 

Nile red was used to determine solvent polarity in mixed DMF/CCl4 solvents 

using known methods. See Figure C.5 for sample UV-vis spectra.66,67  The 

solvatochromic agent Betaine 30 was also investigated but it showed a limited solubility 

in CCl4 despite literature to the contrary.68  A Cary-60 UV-vis spectrophotometer was 

used to acquire spectra.  The use of DMF/CCl4 is further discussed in Appendix C. 

 

3.3. Results and Discussion 

 

For many applications, one would like to be able to predict the value of FcP for a 

given radical cage pair in a specific solvent.  However, even if FcP values are known for 

one solvent system, extending those results to another solvent system is impossible 

because different solvent systems having the same bulk viscosity typically do not have 
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the same FcP values.53  When starting this study, our hypothesis was that a solvent bulk 

property is unable to measure the “caging strength” of the solvent because the “caging 

strength” is a localized phenomenon. We reasoned that a local viscosity (i.e., 

microviscosity) would be more appropriate for predicting the strength of the solvent cage 

and hence FcP. 

To investigate our hypothesis, solvent systems with variable viscosity were 

designed.  Specifically, the solvent systems consisted of a low viscosity component (e.g., 

n-hexane) and a high viscosity additive (e.g., paraffin).  (All of the solvents systems also 

contained 20% CCl4 as a radical trapping agent.)  By increasing the percentage of the 

high viscosity additive (the “viscogen”), the bulk viscosity increased.  The viscogen and 

low viscosity component were carefully chosen to prevent “selective solvation”; solvents 

and viscogens with very similar chemical structures were thus used.  (It was initially 

hypothesized that selective solvation might affect the interpretation of the results.69 

However, as reported below, solvent systems having low- and high-viscosity components 

with significantly different polarities and structures did not adversely affect the 

correlation between FcP and microviscosity.) 

The initial solvent systems used in this study are listed on the right side of 

Figure 3.1.  FcP for the photochemical reaction in Scheme 3.2 was measured for each 

solvent system as a function of bulk viscosity (Figure 3.1). The different systems 

included nonpolar aromatics (toluene/1,1-bis(3,4-dimethylphenyl)ethane (DXE); 

toluene/polystyrene), aliphatics (n-hexane/paraffin; n-hexane/polybutenes), and a 

siloxane system (hexamethyldisiloxane (HMDS) /polydimethylsiloxane (PDMS)), along 

with one polar system (glyme/tetraglyme). 
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Figure 3.1.  A plot of FcP as a function of bulk viscosity (cP).  Each sample contains 20 

wt% CCl4; error bars are 1 σ; curves are only a visual aid.  The toluene/polystyrene data 

has been truncated for clarity, see Figure C.6. 

 

The results in Figure 3.1 show that FcP is not correlated to the bulk viscosity 

across different solvent systems.  For example, if one looks at 5 cP, there are five 

different FcP values for this bulk viscosity.  Note that although the toluene/polystyrene 

solvent system shows a large increase in bulk viscosity there is only a minuscule change 

in FcP.  This result is interpreted as the polymer additive drastically changing the bulk 

viscosity but leaving the microenvironment around the radical cage pair unaffected.  

(Direct measurement of the microviscosity verified this interpretation, see below.) 
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Microviscosity Defined Using a Diffusion Coefficient 

To test whether FcP has a better correlation with microviscosity, it was first 

necessary to define a metric for microviscosity.  In a previous paper, we developed the 

concept of using the diffusion coefficient of a probe molecule as a measurement of the 

microviscosity around that molecule.53  In brief, according to the Stokes-Einstein 

equation (eq 4), viscosity (η) is proportional to 1/D (where D is the translational diffusion 

coefficient).  It is important to note the viscosity (η) in this equation is the environment 

directly affecting the molecule whose translational diffusion coefficient (D) is being 

measured, i.e., the viscosity in the equation is the microviscosity. 

 

(4) 

 

An accurate measurement of microviscosity depends on an appropriate probe 

molecule. The radicals produced by photolysis in Scheme 3.2 are too short-lived to be 

directly observed using NMR.  Therefore, a suitable surrogate molecule was required. 

Theoretical predictions by Noyes and experimental validation by our lab showed that FcP 

 mass0.5/radius2 of the particles in the solvent cage.51,70,71  A suitable surrogate 

molecule, C6H6Cr(CO)3, closely meets the mass and radius required to mimic the 

[Cp'Mo(CO)3] radicals.53  (Note that all of the solvent systems studied are carefully 

selected to not have any overlapping NMR signals with the C6H6Cr(CO)3 probe 

molecule.)  For each solvent system, diffusion coefficients of the C6H6Cr(CO)3 probe 

molecule were determined and then converted to a microviscosity by taking the 

reciprocal. 
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Figure 3.2.  A plot of FcP as a function of microviscosity.  Each sample contains 20 wt% 

CCl4; error bars are 1 σ; a single curve is used as a visual aid. 

 

When FcP is plotted as a function of microviscosity, all of the solvent systems fall 

on the same trend line (Figure 3.2).  This plot spans solvent types from aliphatic to polar.  

Note that the toluene/polystyrene system shows that the microviscosity does not change, 

as predicted above.  It is suggested that all of the FcP values for that system are essentially 

the same because the microenvironments are the same at each bulk viscosity. 

 

Mixed Solvent Systems and the Effect of Polarity 

With the apparent validation of the hypothesis relating FcP to microviscosity in 

solvent systems composed of similar solvents and viscogens, we wanted to test the 

limitations of the FcP-microviscosity relationship by studying solvent systems with 

dissimilar solvents and viscogens.  The dissimilar solvents could produce selective 
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solvation that would affect FcP.  The possibility of solvent interactions affecting FcP was 

previously shown by our lab with [RCpMo(CO)3] radicals forming agostic interactions 

with amide H-bonds.72  The practical importance of predicting FcP values in mixed 

solvent systems cannot be overstated.  For instance, radical polymerizations contain 

solvent as well as significant amounts of alkene monomer.  Being able to predict FcP in 

the polymerization reaction solution is critical when it comes to designing the 

polymerization process.   

To test the limitations of our method, we studied three new mixed solvent systems 

where selective solvation could impact microviscosity.  The three new solvent systems 

are listed in the legend of Figure 3.3, which shows the plots of FcP vs bulk viscosity for 

the reaction in Scheme 3.2.  As was the case in Figure 3.1, all of the new solvent systems 

show the general trend of increasing FcP with increasing bulk viscosity.  But, as was the 

case in Figure 3.1, it is impossible to predict FcP values based on bulk viscosity.  In 

contrast, in the plots of FcP vs microviscosity (Figure C.7), all of the FcP points fall on the 

same trend line. 
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Figure 3.3.  A plot of FcP as a function of bulk viscosity (cP). Each sample contains 20 

wt% CCl4; error bars are 1 σ; curves are only a visual aid. 

  

Furthermore, the curve in Figure C.7 is the same curve as that shown in Figure 3.2 

(see Figure 3.4, which shows the results in Figure 3.2 and C.7 plotted together).  The 

proposed interpretation is that because the microviscosity is a direct indication of the 

local environment around the solvent cage pair there is no need to differentiate solvents 

on the basis of polarity, hydrogen bonding ability, or other solvent properties. 
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Figure 3.4.  A plot of FcP as a function of microviscosity.  Each sample contains 20 wt% 

CCl4; error bars are 1 σ; a single curve is used as a visual aid.  This plot contains all of 

the solvent systems tested in this study. 

 

Additional tests confirmed that polarity has little effect on FcP.  To probe the role 

of polarity, dimethylformamide was used as the solvent because of its similar bulk 

viscosity to CCl4, the radical trap used throughout this investigation (DMF 0.80 cP, CCl4 

0.90 cP).73  

A series of mixed solvent systems containing an increasing amount of DMF was 

made with the bulk viscosity and microviscosity being measured in the same way as 

described earlier (Table 3.1). 
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Table 3.1. Properties of the DMF/CCl4 mixed solvent systems. 

DMF 

(vol%) 

CCl4 

(vol%) 

bulk viscosity 

(cP) 

microviscosity            

(x 109 s/m2) 

polarity66  

E(NR) 

0 100 0.90 0.82 55.84 

16 84 0.93 0.90 53.85 

32 68 0.99 0.93 53.24 

48 52 0.98 0.92 52.95 

64 36 0.93 0.88 52.65 

80 20 0.88 0.86 52.46 

 

 

Figure 3.5.  A plot of Φobsd as a function of polarity (E(NR), see 3.3 Methods, 

Determination of Solvent Polarity). Error bars are 1 σ.  

 

The quantum yields for the DMF/CCl4 solvent systems are presented in 

Figure 3.6.  Note that Φobsd varies only slightly with polarity: the range of Φobsd is 

0.19-0.22.  For comparison, Φobsd for the n-hexane/paraffin solvent system is 0.10-0.65. 

Furthermore, there is only a small correlation of Φobsd with either bulk viscosity or 

microviscosity (Figure C.8-C.9).  Because solvent polarity has only a minimal effect on 
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Φobsd, there will only be a minimal effect of polarity on FcP.  Generalizing this result, the 

mixed solvent systems of Figure C.7 would be expected to only depend on the 

microviscosity of the system, and indeed this is the case (Figure 3.4). 

 

Microviscosity Defined with Excimer Fluorescence 

To corroborate the microviscosity results obtained by NMR, another method for 

measuring microviscosity was also investigated that could rival the simplicity of DOSY.  

It is well-known that pyrene can form excimers in solution.  The formation of the excimer 

is dependent on the concentration of pyrene, its diffusion coefficient, and the temperature 

of the solution (with more exact methods using all of these variables to measure systems 

as complicated as cellular membranes).74,75  To simplify the method, both concentration 

and temperature were held constant in our study.  Consequently, the variability of 

excimer:monomer emission is only due to changes in the microviscosity of the solution 

(Figure 3.6).  The monomer/excimer fluorescence ratio can therefore be used as an 

indication of the microviscosity. 
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Figure 3.6.  Monomer and excimer fluorescence of pyrene at different viscosities. 

Solvent system is hexane/paraffin with CCl4 constant at 20 wt%. Concentration of pyrene 

is constant between samples at 10 mM (25.0 °C ± 0.05 °C).  

 

FcP values for the photochemical reaction in Scheme 3.2 as a function of the 

pyrene monomer/excimer fluorescence ratio are shown in Figure 3.7. Note that unlike the 

plots in Figure 3.4, the curves in Figure 3.7 do not overlap. 
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Figure 3.7.  A plot of FcP as a function ratio of monomer fluorescence to excimer 

fluorescence.  Each sample contains 20 wt% CCl4; error bars are 1 σ; curves are only a 

visual aid. 

 

The deviation of the curves in Figure 3.7 may be caused by an intrinsic problem 

with the fluorescence method or it may be caused by an inappropriate probe molecule.  

Obviously, the pyrene probe molecule is significantly different in volume and mass 

compared to the [Cp'Mo(CO)3] radicals produced by photolysis.  Using the appropriate 

probe molecule was key to the success of the NMR method, and the unsuitability of the 

pyrene molecule may be responsible for the deviation in Figure 3.7.  It is noted that we 

studied only two solvent systems in this experiment because significant quenching by 

CCl4 occurred in all other solvent systems such that minimal excimer fluorescence was 

detected.76  Because of the quenching and because of the poor performance of the pyrene 

probe, the fluorescence method was not pursued further. 
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Theoretical Basis for Microviscosity Dictating FcP. 

The results presented above suggest that microviscosity is a reasonable choice for 

a parameter that can be used to quantitatively predict FcP.  We rationalize the dependence 

of FcP on microviscosity as follows.  Algebraic manipulation of the equation for FcP  

(FcP = kcP/(kcP + kdP)), gives eq 5. 

 

(5) 

 

This equation can be further manipulated to contain only observables.  The 

diffusion rate constant, kdP, can be related to the diffusion coefficient, D, using the 

Smoluchowski equation (kdP  D).77  Likewise, because the recombination rate, kcP, is 

critically dependent on the radicals’ orbital alignment, kcP is dependent on the rotational 

correlation time of the radicals (kcP  τC).  (Fast radical rotation in the cage would 

misalign the orbitals and prevent recombination, which is why kcP  τC.) Eq 5 can 

therefore be rewritten as eq 6, in which a is a constant.  

 

(6) 

 

Prior femtosecond pump-probe experiments by our lab showed that radical 

rotation does not occur on the time scale of primary geminate recombination.78  This 

observation negates the need for τC in the equation for FcP.  Ignoring τC in eq 6 and using 

the relationship micro  1/D gives eq 7 (where c is a constant), an equation that yields the 

curve shape in Figure 3.4.   
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(7) 

 

3.4. Conclusions 

 

The goal of this study was to find a method to quantitatively correlate FcP values 

to the properties of the solvent system.  Although bulk viscosity qualitatively correlates 

with cage recombination efficiency, the shortcomings of using bulk viscosity for 

quantitative work are well-known.  The new method developed in this study employs 

microviscosity, a parameter straightforwardly measured using an NMR probe. As 

demonstrated herein, microviscosity provides a reliable correlation between the cage 

recombination efficiency in all categories of solvents, thus lending itself to quantitative 

predictions.  The correlation between FcP and microviscosity holds for a wide range of 

solvent systems, spanning nonpolar, polar, aromatic, and hydrogen bonding solvents.  In 

addition, selective solvation from mixed-type solvent systems was shown to not 

significantly affect the predictive power of the method.  It is important to emphasize the 

straightforwardness of the method: to predict FcP of a particular radical, all that is needed 

is to measure the diffusion coefficient of an appropriate NMR probe. 

Finally, it is noted that the correlation of microviscosity with FcP appears to be 

attributable to the judicious selection of the probe molecule.  The probe molecule must be 

a structurally similar mimic for the radicals.  Probe molecules may be difficult to find for 

some radicals because closed shell analogues can potentially diffuse much faster than the 

radicals they intend to mimic.79  But even in these cases, it may be possible to extract 



53 

meaningful results.  An experimental and theoretical analysis by Strickrath et al. sought 

to resolve the difference between the diffusion rates of alkyl radicals produced from 

alkylcobalamin photodissociation and their closed shell mimics.80   

 

3.6. Bridge 

 

 The work presented in both Chapters II and III sought to define a parameter that 

could be used to predict FcP in any solvent regardless of type.  Microviscosity was the 

parameter that was most appropriate to do this.   

 An additional parameter that affects FcP for the Cp'2Mo2(CO)6 dimer is the 

wavelength at which it is irradiated.  Although this may be a specific case, the 

wavelength dependence of FcP was investigated nonetheless in Chapter IV. 
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CHAPTER IV 

WAVELENGTH DEPENDENCE OF RECOMBINATION 

EFFICIENCIES OF RADICAL CAGE PAIRS GENERATED 

FROM CP2'MO2(CO)6 DIMER 

 

Justin T. Barry 

Department of Chemistry and Biochemistry, University of Oregon, Eugene, OR 

97403-1253 

 

 Chapter IV of my dissertation details experiments and investigations into the 

wavelength dependence on recombination efficiencies (FcP) for the Cp′2Mo2(CO)6 dimer.  

This builds upon prior experimentation conducted in the Tyler lab.  The goal of this 

research was to further build the understanding of what factors affect the solvent cage 

effect. 

 

4.1. Introduction 

 

 The dependence of FcP on microviscosity (discussed in Chapters 2 and 3) began 

with the observation that solvent systems with the same bulk viscosity didn’t have the 

same recombination efficiency FcP.  Following up on observations that didn’t fit a general 

hypothesis on FcP led to very fruitful research.  By following up on these discrepancies, it 

was discovered that microviscosity could accurately predict the solvent cage effect.  The 
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wavelength dependence of FcP for the Cp′2Mo2(CO)6 dimer was selected as the next 

parameter for study. 

 For the Cp′2Mo2(CO)6 dimer, there are two dominate electronic transitions 

(dπσ* at 505 nm, and σσ* at 393 nm).  Both of these homolyze the Mo-Mo bond to 

form a radical caged pair by promotion of an electron to the σ* orbital (Scheme 4.1).  It 

should be noted that irradiation at σσ* (393 nm) results in a small amount of CO-loss 

product.  This is most likely due to an overlap of a dππ* (CO) metal-to-ligand charge 

transfer band (MLCT) with the σσ* band.1  FcP values for the Cp′2Mo2(CO)6 have been 

experimentally shown to vary depending on the irradiation wavelength.2  This was for 

samples with the same solvent system (hexane/squalane/CCl4), at the same bulk 

viscosity, and with the same identity of the dimer.  (Bulk viscosity and the identity of the 

dimer can change the observed recombination efficiency.)3,4 

 

 

Scheme 4.1.  Conceptual diagram of the two halves [CpM(CO)3] of a Cp2M2(CO)6 dimer 

to illustrate the electronic transitions (M = Mo, or W).5  Green arrows represent the 

electronic transitions. 
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4.2. Results 

 

 The first step was to successfully repeat prior results and determine that FcP does 

vary with wavelength.2  An Oriel 200 W high pressure mercury arc lamp and a 

monochromater would be used to generate the irradiation wavelength (prior work was 

conducted using a 50 mW frequency doubled Nd:YAG diode laser at 532 nm).6  The 

experiment for determining FcP was more challenging for this system due to the use of 

the mercury arc lamp.  The intensity of light that is produced by the 200 W high pressure 

mercury arc lamp is ~6% of the output from the laser system.  This means that the overall 

experiment for the data collection is much longer and introduces more error from 

temperature and power fluctuations (larger error bars in FcP than previous experiments).   

Another experimental difficulty was the mercury arc lamp contains very strong 

mercury-lines.  These had to be considered when designing the experiment with a 

monochromater that has a bandpass.  For instance, there is a strong 404.7 nm emission 

(“H-line”) for mercury.  If the monochrometer were set to 397 nm the majority of 

incoming irradiation on the sample would still be from the 404.7 nm line (because of the 

bandpass).  The monochrometer was rastered 1.0 nm at a time to determine the mercury 

lines and compared to the electronic spectrum of the Cp′2Mo2(CO)6 dimer (Figure 4.1). 
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Figure 4.1.  Plot of intensity of the 200 W high pressure mercury arc lamp vs wavelength 

selected on monochrometer (blue dashed trace).  Electronic spectrum of Cp′2Mo2(CO)6 

dimer also plotted (green trace).  Selected wavelengths for irradiation are red circles on 

solid green trace. 

 

 Six wavelengths were initially selected to irradiate (Figure 4.1, Table 4.1).  Three 

wavelengths at each electronic transition were chosen.  This was to test if the energy of 

excitation within the same electronic transition had an effect on FcP.  These three 

wavelengths in the same electronic transition only spanned an energy range of ~3 

Kcal/mol whereas the difference between the two electronic transitions is ~10 Kcal/mol 

(Table 4.1).  A preliminary set of data shows the expected reported relationship between 

wavelength of irradiation and FcP (Figure 4.2).2 
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Table 4.1.  Wavelengths of irradiation with energy conversion. 

Transition Wavelength (nm) Energy (Kcal/mol) 

dπσ* 526 54.35 

dπσ* 505 56.61 

dπσ* 484 59.07 

σσ* 416 68.73 

σσ* 395 72.38 

σσ* 374 76.45 

 

 

Figure 4.2.  Plot of FcP vs bulk viscosity with irradiation at different wavelengths for the 

Cp′2Mo2(CO)6 dimer.  The 505 nm data set contains two more points off scale at 10.0 and 

20.6 cP. Error ±1σ. (n-hexane/paraffin oil/CCl4 solvent system at 25 ± 0.1 °C) 

 

 From this preliminary set of data, the literature precedent was replicated.  The 

best fit lines of the σσ* transition at 395 and 416 nm are nearly the same while the best 

fit line of the dπσ* transition at 505 nm is significantly different from the other two 

wavelengths.  In other words, irradiation at different electronic transitions changes FcP, 
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but changing wavelength within the same electronic transition doesn’t change FcP.  Both 

this data and the literature example show that the higher the energy of the electronic 

transition, the greater the value of FcP.  Further work on this project was halted to 

construct a testable hypothesis after the successful replication of this data. 

 

4.3. Discussion and Conclusions 

 

 Any excess energy that is not used to homolyze the Mo-Mo bond (DMo-Mo ≈ 

35 Kcal/mol) is left over for other processes.  The λmax between the two electronic 

transitions spans a difference of almost 16 Kcal/mol (505 nm = 56.61 Kcal/mol, 395 nm 

= 72.38 Kcal/mol).  This excess energy and the fate of that energy may explain the 

discrepancy in the FcP values.  Dissipation of this energy as vibrational energy takes place 

in two stages.7  Intramolecular vibrational relaxation (IVF) occurs (10-0.1 ps) followed 

by intermolecular vibrational energy transfer (VET) to the solvent (1000-10 ps).7  Both of 

these processes must be considered because the lifetime of the primary radical cage is ≈ 

5 ps.8 

 One proposed theory is that the excess energy is immediately transferred to the 

solvent that composes the cage around the radicals.  This produces a locally “hot” 

environment of caging solvent molecules.  This is expressed as either vibrational or 

translational motion in these solvent molecules.  The microenvironment is ultimately 

responsible for the solvent cage effect (Chapters 2 and 3) and this translational motion 

would act to decrease the strength of the solvent cage.  Therefore it would be expected 
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for FcP to decrease with increasing excitation energy.  This is the opposite of what is 

observed. 

 This hypothesis uses the classical view of just a primary solvent cage (Primary 

Solvent Cage, Figure 4.3).  In this simplified model, the molecules directly participating 

in the solvent cage (blue dashed line, Figure 4.3) are being affected.  If the primary cage 

for these radicals [Cp′Mo(CO)3]· is only 5 ps, then perhaps the intermolecular vibrational 

energy transfer actually occurs during the secondary solvent cage (Figure 4.3). 

 

 
Figure 4.3.  Solvent molecules (white circles) participating in intermolecular vibrational 

energy transfer (blue dashed lines) from the radical pair (red circles).  Secondary solvent 

cage shows the solvent molecule (green circle) separating the radical pair. 

  

 The secondary solvent cage occurs when the radicals separate enough for a 

solvent molecule to enter between them.  If this secondary cage is where intermolecular 

vibrational energy transfer occurs, then the solvent molecule(s) separating the two 

radicals (green circle, Figure 4.3) receives much more vibrational energy transfer than the 

solvent cage.  This would lead to increased translational and rotational energy of this 

particular solvent molecule.  These separating solvent molecules would then be more apt 

to leave and the geminate radicals would then enter back into the primary cage.  The 
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overall affect would be the increase of FcP, which is what is actually observed.  A method 

to test this specific hypothesis is being developed. 

The results of the prior chapter corroborate prior research on the wavelength 

dependent nature of FcP for the Cp2Mo2(CO)6 dimer.  Unfortunately, no testable 

hypothesis was developed with our current methodology.  Potentially further 

experimentation with femtosecond pump-probe spectroscopy may expand our 

understanding at different wavelengths.  Although these techniques have been 

successfully used with the Cpʹ2Mo2(CO)6 dimer, only pump experiments at the dπσ* 

transition were conducted.  Ultrafast relaxations were observed using these experiments 

and were assigned to vibrational relaxation events.8  Perhaps irradiation at the σσ* 

would dramatically change the magnitude of these vibrational relaxations and give 

experimental evidence for the hypothesis given. 

 

4.4. Bridge 

 

 This chapter and prior chapters only examined the symmetrical Cpʹ2Mo2(CO)6 

dimer.  Homolysis of this Mo-Mo bond would result in two caged radicals that are 

identical (both are CpʹMo(CO)3).  An attempt to synthesize an asymmetric molybdenum 

dimer was conducted to test how asymmetrical radical pairs behave in solution.  This is 

critical because radical caged pairs can be any size. 
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CHAPTER V 

PROGRESS TOWARDS AN ASYMMETRIC MOLYDENUM 

DIMER TO STUDY SIZE AND MASS DEPENDENCE ON FcP 

OF ASSYMETRIC RADICAL PAIRS IN A SOLVENT CAGE 

 

Justin T. Barry 

Department of Chemistry and Biochemistry, University of Oregon, Eugene, OR 

97403-1253 

 

 Chapter VI of my dissertation details the work completed towards the synthesis of 

an asymmetric molybdenum dimer of the type R1Cp(CO)3Mo-Mo(CO)3CpR2 (where 

R1 ≠ R2).  Although ultimately unsuccessful in the synthesis of an asymmetric 

molybdenum dimer using one particular method, two different synthetic methods and 

recommendations to apply to further research are made.  Selected experimental details 

are contained in Appendix D. 

 

5.1. Introduction 

 

 All of the previous chapters dealt with the photolysis of the molybdenum dimer 

Cpʹ2Mo2(CO)6 (where Cp′ = 5-CH3C5H4).  This photolysis will split the Mo-Mo bond 

and generate two symmetrical molybdenum radicals that are initially caged together by 

the solvent.  The convenience of using the Cpʹ2Mo2(CO)6 cannot be overstated.  In 
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photolysis, the dimer has two electronic transitions (dπσ* at 505 nm, and σσ* at 

393 nm) to allow photolysis at one wavelength and probing at the other (Figure 5.1).  The 

homolysis reaction is concerted with no intermediates.1  Once the radicals have escaped 

the solvent cage, they will then react irreversibly with CCl4.
2  This trapped radical 

[CpʹMo-Cl(CO)3] has an electronic transition that doesn’t interfere with the transitions of 

Cpʹ2Mo2(CO)6 (Figure 5.1).  Any resulting ·CCl3 radicals (from the Cl abstraction) don’t 

react further with any remaining molybdenum radicals (hexachloroethane has been 

observed).3  Furthermore the synthesis of the symmetrical dimer is relatively 

straightforward.4,5  Synthetic manipulation of the Cpʹ ligand doesn’t alter the electronics 

of the Mo-Mo bond (critical for comparisons between different dimers).  For 

characterization, the dimer is diamagnetic and yields NMR spectra (Figure 5.2), while the 

carbonyl ligands on the molybdenum offer a wonderful fingerprint using FT-IR 

(Figure 5.3). 

  

Figure 5.1.  Electronic spectrum of both the Cpʹ2Mo2(CO)6 dimer and CpʹMo-Cl(CO)3. 

0

5

10

15

300 350 400 450 500 550 600

ε
o
f 

d
im

er
  

  
  

  
  

  
  

  
  

  
  
  

  
  

  
  

  
  
  

  
  

  
  

 

[L
 m

o
l-1

cm
-1

(i
n
 t

h
o
u
sa

n
d
s)

]

Wavelength (nm)

dimer

chloride

Cpʹ2Mo2(CO)6 

CpʹMo-Cl(CO)3 

dπσ* 

σσ* 



64 

 

Figure 5.2.  1H-NMR of the Cpʹ2Mo2(CO)6 dimer (in CDCl3, not T1 optimized, Acros).  

 

 

Figure 5.3.  Infrared spectrum of Cpʹ2Mo2(CO)6 dimer (in DCM, solvent subtracted, 

Acros). 
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Many different symmetrical dimers have been produced by modification of the 

Cpʹ ligand and followed with characterization using NMR, FT-IR, and UV-vis.  This has 

yielded many fruitful investigations of the radical cage effect.  By modifying the Cpʹ 

ligand, the overall size and mass of the radical can be manipulated.  This led to the first 

experimental validation of a prediction by Richard Noyes that FcP  mass0.5/radius2 (mass 

and radius of the radical).6–8 

 Although a major breakthrough in our understanding of the radical cage effect for 

symmetrical radical pairs, how does this FcP  mass0.5/radius2 relationship apply to 

asymmetrical radical pairs?  In general, the situation of asymmetrical radical pairs is 

fairly common, with alkylcobalamins being a fervent area of study.9  These 

alkylcobalamins undergo photolysis to split the Co-R bond, producing a very large Co 

radical (with a large porphyrin-like ligand) and a very small alkyl radical (Figure 5.4).  

Two more examples of photochemically active organometallics are Cp2TiCl2 and a 

molybdenum dimer RCp(CO)3Mo-Mo(CO)3CpR2 (Figure 5.4). 
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Figure 5.4.  Examples of organometallic molecules where photolysis results in a solvent 

caged radical pair that contains two different sized radicals. (Bond breaking indicated by 

red bond with  through it) 

 

 The most attractive molecule to probe asymmetric radical pairs is the 

RCp(CO)3Mo-Mo(CO)3CpR2.  This molecule has all the properties of the symmetrical 

Cpʹ2Mo2(CO)6, and would allow direct comparisons with our prior results.  In particular, 

the electronic transitions of the Mo-Mo bond remain unchanged and the same irradiation 

wavelength can be used (Chapter IV details the wavelength dependence of FcP).  This 

will actually make characterization of a true asymmetric dimer very difficult (same UV-

vis and FT-IR of symmetric dimer). 

There are three readily conceivable ways of synthesizing an asymmetric dimer.  

The first method ([1], Scheme 5.1) can be retrosynthetically thought of as splitting the 

Mo-Mo bond into a molybdenum(0) anion and a molybdenum(II) cation ([2] and [3]/[4], 

respectively, Scheme 5.1).  This will be called the “cation/anion” approach.  Addition of 

these two components together should result in the coupling of both halves to yield the 

Mo(I) dimer ([1], Scheme 5.1, the substituted ligand will be color-coded red from now on 
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to add clarity).10  Additionally, there has been some literature precedent in generating 

asymmetrical dimers by using a molybdenum(II) bromide complex ([4]).11,12  However, 

these asymmetric dimers were fairly simple with only pentamethylcyclopentadiene and 

cyclopentadiene ligands shown to work. 

 

 

Scheme 5.1.  Restrosynthesis of an asymmetric dimer using the “cation/anion” approach. 

 

The second conceivable method is the “one electron oxidation” of a Mo(0) 

species to generate transient 17 electron molybdenum(I) complexes that then couple 

together in solution to form dimers (Scheme 5.2).5,13  Note that two different 

molybdenum(0) complexes ([5] and [6]) would have to be used to generate an 

asymmetric dimer ([8], Scheme 5.2) .  This results in a statistical distribution of both an 

asymmetric dimer and two symmetrical dimers ([7], and [9]).  Both of these symmetrical 

dimers would have to be removed prior to photolysis experiments.  This route is more 

traditional in the synthesis of symmetrical dimers. To make a symmetrical dimer, a single 

molybdenum(0) precursor is oxidized. 
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Scheme 5.2.  Generation of molybdenum dimers using the “one electron oxidation” 

method. 

 

 The third and final type of synthesis would be irradiation of two symmetrical 

molybdenum dimers ([10], and [11], Scheme 5.3) in the absence of any radical trap.  This 

would again provide a statistical distribution of the intended asymmetric dimer [13].  The 

starting symmetric dimers ([10] and [11]) would have to be available or synthesized 

using the “one electron oxidation” described above.  This method is called the 

“photochemical cross-over”. 
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Scheme 5.3.  “Photochemical cross-over” method of synthesizing an asymmetric dimer. 

 

5.2. Synthesis 

 

The first synthetic route attempted was the “cation/anion” method.  This route had 

been previously investigated by our lab and had shown some promise.10  The 

“cation/anion” method would also produce only one product, whereas the other two 

methods the maximal theoretical yield can only be 50%.  This product would also be 

much easier to purify by not being contaminated with other dimer species. 

The first step is to synthetically modify one of the cyclopentadiene ligands on 

either the “anion” or the “cation”.  The synthesis and purification of the cation is fairly 

challenging, so the anion was chosen to be modified.  For symmetric dimers of various 

sizes, the ligand is typically modified with an alkyl chain ending in an alcohol.  The 

dimer can then be subsequently modified with esterifications to form any size dimer 
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required.  The same approach with an alcohol end group was attempted for the 

asymmetric dimer.  A triisopropylsilyl (TIPS) ether was used to protect the alcohol of 3-

bromo-1-propanol (Scheme 5.4).  The bromide was attacked with sodium 

cyclopentadienide to generate the required ligand (RCp, Scheme 5.4).  This was then 

deprotonated with n-BuLi and reacted with Mo(CO)6 to form the anion ([15], Scheme 

5.4, no yield, used in situ). 

 

 

Scheme 5.4.  Synthetic route to the anion complex [15]. 
 

 It is worth noting some thoughts regarding the final reaction of Scheme 5.4.  

There was some confusion about the identity of free substituted cyclopentadiene (RCp) 

ligand.  The RCp ligand readily undergoes a Diels-Alder to form an RCp dimer.  The 

confusion originates because synthetic schemes only show the free substituted 

cyclopentadiene and never the Diels-Alder product (even if there was a work-up of the 

reaction where the Diels-Alder product inevitably formed).  This RCp dimer cannot be 

deprotonated by the n-BuLi.  This was confirmed by a control experiment of reacting 

dicyclopentadiene with n-BuLi followed by a quench with D2O.  If deprotonation of 
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dicyclopentadiene occurred, then deuteration would be readily apparent in the 1H-NMR.  

This was not the case.  Cracking of the Diels-Alder RCp dimer with heat will release the 

free RCp to be deprotonated (hence using digyme as a solvent and heating to 130 °C in 

Scheme 5.4). 

 The synthesis of the “cation” begins with the reaction of Mo(CO)6 with sodium 

cyclopentadienide (Scheme 5.5).  The product should look familiar because it is a 

NaCpMo(CO)3 “anion” (Scheme 5.4).  This anion is then reacted with acetic acid, 

forming the yellow hydride complex in high yields.  Finally, a hydride abstractor is added 

to remove a hydride and generate a molybdenum(II) complex.  This forms the required 

“cation” complex ([16], Scheme 5.5, no yield because the complex is used in situ due to 

thermal instability14). 

 

 

Scheme 5.5.  Synthetic route to a “cation” complex. 

 

The final step of the “anion/cation” method is the combination of the anion 

complex [15] and the cation complex [16]. (Scheme 5.6).  Initially, it was believed that 
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only an asymmetric dimer was formed.  Thin layer chromatography (TLC) separated 

multiple products that were consistent with a Mo-Mo dimer (determined by scraping off 

the spot of silica, dissolving in CHCl3, filtering and then UV-vis).  Column 

chromatography in a dark glovebox was used in an attempt to purify.  Only a very small 

amount of product was obtained.  The resulting infrared and NMR spectra both are 

indicative of an asymmetric molybdenum dimer (Figure 5.5 and 5.6, respectively).  

Whether or not this is the intended asymmetric dimer is difficult to determine by NMR, 

FT-IR, and UV-vis.  This is because the electronics of the Mo-Mo dimer are unchanged 

(no change in UV-vis or FT-IR), and a 1:1 distribution of symmetrical dimers would give 

identical integrals in the NMR.  Crystallography would unambiguously determine the 

structure.  Unfortunately, the relatively greasy triisopropylsilyl ether and the small 

amount of product made crystallization unsuccessful.  Furthermore, it was discovered 

later that the typical deprotection step for silyl ethers (treatment with a fluoride source) 

degraded the Mo-Mo dimer.  For these reasons the silyl ethers were abandoned as 

protecting groups. 

 

 



73 

 

Scheme 5.6.  Final synthetic step of the “cation/anion” method to form an asymmetric 

dimer complex [17]. 

 

 

 

 

 

Figure 5.5.  1H-NMR of complex [17].  
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Figure 5.6.  FT-IR spectrum of [17] (solvent subtracted from DCM). 

 

Two things needed to happen to continue the “cation/anion” method.  First, an 

acid sensitive 3,4-dihydro-2H-pyran (THP) protecting group was selected to replace the 

silyl ether protecting group.  The THP group can be removed with acetic acid (which 

does not react with the dimer).  Second, the thermal-instability of the tetrafluoroborate 

complex [16] prevented a thorough purification before its usage.  This may have 

contributed to the low yields of the expected asymmetric dimer.  Also, it is conceivable 

that electron transfer was occurring between the molybdenum(0) anion and the 

molybdenum(II) cation that would additionally lower yields (Scheme 5.7).  This would 

also explain the observation of multiple Mo-Mo dimer products.  This may have been 

testable by using a radical trap to capture a Mo(I) intermediate but was not attempted. 
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Scheme 5.7.  Electron transfer between the “cation” and “anion” resulting in both 

symmetric and asymmetric dimer products. 

 

A literature prep detailing the synthesis of an asymmetric dimer was found to 

circumvent issues with the tetrafluoroborate complex [16].7,8  The synthesis involved the 

reaction between a molydenum(0) [17] anion and a molybdenum(II) bromide [18]  to 

produce an asymmetric dimer [19] (Scheme 5.8).  The bromide complex [18] was much 

more thermally stable than the tetrafluoroborato complex [16].  This provided an 

attractive route to produce a simple asymmetric dimer.  For our purposes, a protected 

alcohol would be required on the cyclopentadiene ligand.  The synthetic route to obtain 

the appropriate anion (with a protected alcohol) and bromide complex are shown as 

Scheme 5.9. 
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Scheme 5.8.  Literature synthesis of a mixed ligand dimer. 

 

 

 

Scheme 5.9.  Synthesis of anion [20] and bromide [21] complexes. 

 

The bromide complex proved to be thermally stable and could be obtained as a 

pure material.  However, the first reaction conditions followed were those from literature 
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(Scheme 5.10), that is, complexes [20] and [21] were made and used without work up. 

The bromide complex [21] was subsequently cannulated into the [20] anion solution.  

The [20] anion complex featured the cyclopentadienide THP protected alcohol.  The 

reaction was monitored by IR and stretches corresponding to a dimer complex were 

recorded.  Upon careful crystallization and workup, only the symmetric Cp2Mo2(CO)6 

dimer was shown in the NMR (no incorporation of the substituted cyclopentadiene 

ligand). 

 

 

Scheme 5.10.  Reaction conditions according to literature procedure.11 

 

 It was postulated that the [20] anion had a reduced reactivity due to the substituted 

cyclopentadiene ligand and that the bromide complex reacted in some unknown fashion 

to produce a Cp2Mo2(CO)6 dimer.  It is unknown how this transformation occurs.  The 

literature prep had a sodium counterion for the [20] anion complex, our reaction instead 

had a lithium counterion.  Perhaps the lack of solubility of the lithium bromide in THF 

was affecting the reaction.  Therefore, complexes [22] and [23] were synthesized to 

address these concerns.  As the previous reaction (Scheme 5.10) showed no change in the 

IR stretches until the reaction was brought to room temperature, future reactions were 
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begun at 0 °C instead of -78 °C.  Again the [23] bromide complex was cannulated into 

the [22] anion solution (Scheme 5.11). 

 

 

Scheme 5.11.  Reaction of a bromide complex [23] with a substituted cyclopentadiene 

ligand with an anion complex [22]. 

 

 Monitoring the reaction by IR over time showed the appearance of stretches 

indicating a Mo-Mo dimer (Figure 5.7).  The reaction was worked up, and surprisingly, 

only the symmetric Cp2Mo2(CO)6 dimer was isolated.  If the reaction were to fail in a 

similar manner to the first attempt (Scheme 5.10), the symmetric molybdenum dimer 

with substituted cyclopentadiene ligands would be expected.  The anion and bromide 

complexes used in this synthesis contained small amounts of impurities.  More work was 

done to purify the starting materials and to try the reaction again. 
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Figure 5.7.  Monitoring the reaction of Scheme 11 by FT-IR. 

  

In previous reactions, diglyme was used as a solvent primarily because the boiling 

point was high enough to retro-Diels-Alder any dimerized cyclopentadiene ligands.  

However this made the purification of the anions nearly impossible.  Any diglyme left in 

the reaction would cause the complexes to oil instead of precipitate (most likely because 

the anion complex likes to co-precipitate with solvent molecules).  This solvent issue was 

circumvented by the thermal cracking of the cyclopentadiene ligands immediately prior 

to a reaction.  Purification procedures for the bromide and anion complexes were the 

slow addition of a saturated solution to hexane which caused precipitation of the 

complex.  The purification of complexes incorporating the substituted cyclopentadiene 

proved the most difficult.  Any THF or diglyme left from the reaction would cause the 

complex to oil.  Instead, the THF was removed in vacuo and the complex dissolved in 
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DCM before being adding to hexane.  The subsequent infrared apectrum of the purified 

complexes was much cleaner and sharper. 

 With the purified complexes, the reaction between a bromide and anion complex 

was attempted again (Scheme 5.11).  Again, only the symmetric Cp2Mo2(CO)6 dimer was 

shown to be isolated by NMR.  The crude dimer product was serially recrystallized to see 

if any trace amount of asymmetric dimer was present.  Both the supernatant and the 

crystallization showed no asymmetric dimer.  Careful workup of the water and hexane 

washes from the initial crystallization of the reaction solution yielded no dimer.  

Unreacted NaCpMo(CO)3 anion was seen in the water layer by FT-IR (addition of the 

NaCpMo(CO)3 anion to water does not result in protonation to the hydride complex 

CpMoH(CO)3). 

 Reactions negating the reflux step were also performed.  Here the idea was that 

the reflux was thermally scrambling an initially formed asymmetric dimer.  The reaction 

proceeded slowly and no asymmetric dimer was isolated.  Reactions were performed with 

different stoichiometric amounts including subsequent additions of bromide complex 

throughout the reaction progression, to no avail.  A solution of bromide in THF was 

allowed to sit for seven days to check its stability.  No dimer stretches or decomposition 

of the bromide complex was observed by IR. 

 The results from the reactions were both puzzling and disappointing.  The 

substituted cyclopentadiene ligand may be preventing the intended reaction from 

occurring.  The efficacy of the literature prep was called into question.  The authors noted 

that performing the bromination of the anion complex at room temperature produced 

unintended dimer complexes (“Cation Synthesis”, Scheme 5.9).  This is intuitively 
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correct from the reaction of an initially formed bromide complex CpMo(CO)3Br with the 

remaining anion complex NaCpMo(CO)3 in solution.  Indeed, in the initial synthesis of 

bromide complexes performed, a small amount of dimer was observed by FT-IR.  The 

formation of the symmetrical Cp2Mo2(CO)6 dimer may be explained by the atom-transfer 

of the bromine between the molybdenum(0) and molybdenum(II) halide complexes 

(Scheme 5.12).15  Then only the non-substituted cyclopentadiene complexes show any 

reactivity to each other to produce the Cp2Mo2(CO)6 dimer (Scheme 5.12). 

 

Scheme 5.12.  Fast halogen exchange leads to a scrambling of the initial reactants, 

generating three potential reaction pairs.  In this case, only the cyclopentadiene 

substituted molybdenum(0) anion and molybdenum(II) bromide react quickly and for the 

observed Cp2Mo2(CO)6 dimer. 
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5.3 Summary 

 

 The “cation/anion” method to forming an asymmetric dimer was overall 

low-yielding and produced many symmetric dimer products.  If the “cation” were a 

molybdenum(II) bromide complex, the overall reaction only yielded a single symmetric 

Cp2Mo2(CO)6 dimer.  This particular reaction was most disappointing because it had 

been shown to yield an asymmetric dimer (with significantly different cyclopentadiene 

ligands that attempted here).  Initially, the reaction was seen as an attractive alternative to 

the route using the thermally unstable tetrafluoroborato complex as the cation.  Some of 

the positive synthetic points are the discontinued use of diglyme, the use of an acid 

sensitive protecting group, and the purification protocol that were developed for the 

complexes. 

It may be worthwhile to revisit the tetrafluoroborato route.  Previously the route 

was used without purified starting materials or using the modifications listed above.  It 

was always thought that the stoichiometry of the reaction was significantly different from 

the ideal 1:1 (because reagents were used in situ).  Even though the reaction only 

produced a small amount of product, the 1H-NMR indicated that a substituted ligand was 

incorporated in the correct stoichiometry. 

The other two methods (“single electron oxidation”, and “photochemical cross-

over”) were initially rejected because they produced multiple dimer products that would 

have to be separated.  However, if these methods still produce the theoretical distribution 

of products (1 : 1, symmetric : asymmetric, Scheme 5.2 and 5.3) there may be enough 

product to separate with chromatography.  As a proof of concept, a 1:1 mixture of 
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Cp2Mo2(CO)6 and MeCp2Mo2(CO)6 dimers were irradiated at 532 nm in THF.  The was 

no visible change in the FT-IR and NMR as compared to the mixture.  However in a 

GC-MS chromatogram, three peaks were found in a 1:2:1 ratio corresponding to 

Cp2Mo2(CO)6 : MeCp(CO)3Mo-Mo(CO)3Cp : Cp2Mo2(CO)6 (confirmed by MS ions, and 

by “known addition”).  Clearly separation by GC would not be an option for this project, 

however if the alkyl group were sufficiently large, separation by chromatography may be 

an option.  Also the Cp2Mo2(CO)6 dimer is not very soluble in hexanes, so by 

solubilizing the crude product in hexanes there would only be a 1:2 ratio of symmetric 

and asymmetric dimer. 

 

5.4. Bridge 

 

 This chapter focused on the synthesis of an asymmetric Mo-Mo dimer to probe 

the effects of an asymmetric radical pair in a solvent cage.  Chapter VI returns to using 

the symmetrical Cpʹ2Mo2(CO)6 dimer to investigate whether the photochemical 

recombination efficiency (FcP) is equal to the collisional recombination efficiency (Fcʹ). 
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CHAPTER VI 

A COMPARISON OF PHOTOCHEMICAL AND 

COLLISIONAL CAGE RECOMBINATION EFFICIENCIES 

 

Justin T. Barry, David R. Tyler* 

Department of Chemistry and Biochemistry, University of Oregon, Eugene, OR 

97403-1253 

 

 Chapter VI of my dissertation details experiments to determine the collisional 

cage recombination efficiency (Fcʹ) of the Cp′2Mo2(CO)6 dimer.  Fcʹ is then compared to 

the photochemical cage recombination efficiency (FcP).  The kinetic derivations used in 

this chapter are included as Appendix A and E.  This chapter contains unpublished, and 

co-authored material with David R. Tyler. 

 

6.1. Introduction 

 

  A cross-over experiment is the reaction of two similar but different reactants in a 

reaction mixture to aid in the determination of a mechanism.1  Usually this is to 

determine if a mechanism involves a reactant breaking apart before recombining to form 

the product.  These types of experiments also beautifully illustrate the effect of the 

solvent cage.  For example, azomethane can thermally decompose into two methyl 

radicals with a molecule of dinitrogen separating them (Scheme 6.1).2  The cross-over 
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experiment would have azomethane as well as azomethane-D6 in equal quantities.  

Heating this reaction in the gas phase produces crossover products in the ratio 1:2:1 of 

ethane, CH3CD3, and ethane-D6 (Scheme 6.1).  If this experiment is done with isooctane 

as the solvent, there is nearly only non-crossover products of ethane and ethane-D6 in a 

1:1 mixture. 

 

 

Scheme 6.1.  Cross-over experiment using azomethanes in either the gas-phase or in a 

solution of isooctane.2 

 

 In the gas phase, nothing next to the radicals prevents diffusion away from their 

geminate counterpart.  This results in a near random recombination of the radicals that 

produces the observed product distribution.  In the solution-phase, isooctane acts as a 

cage around the newly formed radicals.  This cage limits their diffusion away from each 

other, and the geminate radicals recombine without escaping this solvent cage.  This 

results in nearly only ethane and ethane-D6.  However, it was noted by the authors that 

there was still a 0.3% product of CH3CD3.
2  This was the amount of radicals that 

successfully escaped the solvent cage and met a non-geminate radical that was 
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isotopically different.  It is important to note that the solvent creates caging situations 

throughout the course of the entire reaction that limits diffusion.  So there is both an 

initial solvent cage around the geminate radical pair and a non-geminate solvent cage 

around cross-over radical pair (collisional cage). 

 In our studies of the photochemical cage effect, (where radicals are generated 

photochemically and not thermally) there are also two solvent cages.  These two cages 

are named as the photochemical cage (geminate) and the collisional cage effect (non-

geminate radicals).  A Cp′2Mo2(CO)6 dimer is irradiated to homolyze the Mo-Mo bond.  

This creates two geminate caged radicals.  Briefly, to study the geminate cage, a large 

concentration of radical trap is added to solution to capture any free radicals that escape 

this geminate cage (Scheme 6.2).  A kinetic derivation is then used to calculate the 

photochemical recombination efficiency (FcP, eq 1) from the experimental kinetic data 

(derivation included in Appendix A).   

 

 

Scheme 6.2.  Mechanistic model of the geminate photochemical cage effect. 

 

(1) 
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 This picture of a single cage followed by diffusion (kdP) to become free radicals, is 

a simplified version of what actually happens.  Instead this single cage picture can be 

further divided into two separate cages, a primary and a secondary photochemical solvent 

cage (Scheme 6.3).  The secondary solvent cage differs considerably from the primary 

solvent cage.  The primary solvent cage is relatively short-lived (5 ps).3  The radicals in 

this primary cage do not have enough time to rotate, such that their orbitals are correctly 

aligned for recombination (kc1).  Once a solvent molecule has intercalated between the 

two radicals, the secondary cage is formed.  In this secondary cage there is sufficient time 

for the radicals to rotate and enter a misaligned configuration.  If the misaligned radicals 

expel this solvent molecule and enter into the primary cage (kc2), they cannot recombine 

(kc1) because there is not sufficient bonding overlap of the orbitals.  Since there are two 

geminate solvent cages, the definition of FcP is a net recombination efficiency of both this 

primary and secondary solvent cage.4  Because it is the “net recombination efficiency” 

(FcP) that is actually measured, it is conceptually valid to use the simple mechanistic 

model for the time being (Scheme 6.2). 

 

 

Scheme 6.3.  Expanded mechanistic model of the solvent cage effect that includes a 

primary and secondary solvent caged radical pair. 
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By using less radical trap, the overall simplified mechanistic model changes 

(Scheme 6.4).  Now a population of free radicals builds up and collisional cages are 

formed.  Collisional cages occur when free radicals meet each other and form 

non-geminate radical caged pairs.  The collisional cage recombination efficiency (Fcʹ, 

eq 2) can be determined by using a kinetic derivation (eq 3) to isolate Fcʹ with measurable 

quantities (derivation included as Appendix E).  The concentration of the radical trap 

(CCl4) is varied while keeping both the microviscosity and concentration of the radical 

source [Cp′2Mo2(CO)6] constant.  The microviscosity of the solvent cage can 

dramatically change the strength of the solvent cage (and hence FcP).5,6  Rates of the 

reaction will be used to determine Fcʹ, which are dependent on the irradiation intensity 

and the concentration of the absorbing species (as opposed to a quantum yield, 

Appendix A).  To calculate Fcʹ, a plot of the rate vs rate2/[CCl4]
2 will give a slope of a 

best-fit line that can be used to determine Fcʹ (eq 4). 

 

 

Scheme 6.4.  Mechanistic model of the solvent cage effect with a smaller concentration 

of radical trap (CCl4) than in Scheme 6.2. 
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(2) 

 

(3) 

 

(4) 

  

6.2. Results 

 

 The concentration of CCl4 is varied for two sets of solutions.  One solution 

contains only n-decane and the other contains a mixture of n-decane and paraffin oil.  

Decane was specifically chosen because the bulk viscosity of n-decane is similar to CCl4 

(0.85 vs 0.90 cP, respectively).  Paraffin oil was added to the second solution to change 

the bulk viscosity (and subsequently the microviscosity).  The bulk viscosity, diffusion 

coefficient (D), and microviscosity of the solvent were measured using previously 

published methods (Table 6.1).5,6  Bulk photolysis was conducted and the rates of each 

sample set determined.  This was plotted as rate vs rate2/[CCl4]
2 for both sample sets 

(Figures 6.1-6.2). 
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Table 6.1.  Properties of solutions used in this study. 

Solution 

Set 
Sample 

[CCl4]  

(M) 

Bulk 

Viscosity (cP) 

Diffusion Coeff. 

(x10-9 m2/s) 

Microviscosity 

(x109 s/m2) 

1 

A 0.0098 0.851±0.003 1.56±0.02 0.640±0.007 

B 0.0218 0.856±0.005 1.52±0.02 0.657±0.009 

C 0.0391 0.850±0.002 1.58±0.02 0.632±0.008 

D 0.0570 0.850±0.001 1.58±0.02 0.632±0.008 

E 0.0741 0.859±0.004 1.67±0.02 0.597±0.006 

average  0.853±0.004 1.58±0.06 0.63±0.02 

2 

A 0.0227 7.058±0.003 0.369±0.006 2.71±0.04 

B 0.0416 7.062±0.005 0.300±0.004 3.33±0.04 

C 0.0624 7.046±0.002 0.320±0.002 3.12±0.02 

D 0.0844 7.036±0.002 0.313±0.003 3.19±0.03 

E 0.1030 7.055±0.003 0.293±0.003 3.42±0.04 

average  7.05±0.01 0.32±0.03 3.2±0.3 

 

 

Figure 6.1.  Plot of rate vs rate2/[CCl4]
2 for solution set 1 (error ±1σ).  Solution 

properties; η = 0.853 ± 0.004 cp, D = 1.58 ± 0.06 x 10-9 m2/s, slope of best-fit = -2.846. 
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Figure 6.2.  Plot of rate vs rate2/[CCl4]
2 for solution set 2 (error ±1σ).  Solution 

properties; η = 7.06 ± 0.01 cp, D = 0.32 ± 0.03 x 10-9 m2·s-1, slope of best-fit line 

= -3.3974. 

  

From eq 4, Fcʹ can be calculated using the slope of the best-fit lines 

(Figure 6.1-6.2), the rate constant for trapping of the radical (kT) with CCl4, and with the 

bimolecular rate constant of diffusion (kD) from the radical.  The trapping rate constant is 

2 x 104 M-1s-1.7  Trapping rate constants tend to not vary considerably between different 

solvents and viscosities.8  However, kD will vary considerably on the solvent and it’s 

viscosity.  Due to this, kD will be determined by three methods of approximation using 

either experimental diffusion coefficients, bulk viscosity, or kd (unimolecular diffusion 

rate constant) values from prior femtosecond pump-probe spectroscopy experiments.9 

 For a diffusion-controlled reaction, the energy of activation (Ea) is very small.  

Hence in the Arrhenius equation (eq 5), the exponent becomes very small and k ≈ A.  

This “A” is called the pre-exponential or frequency factor and relates to the frequency of 
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colliding reactive molecules and their orientation.  From this frequency factor we can 

estimate the value of kD. 

 

(5) 

  

 Calculation of kD will be done using either the diffusion coefficients (D) or with 

the bulk viscosity (η) of the solution.  The equation for using diffusion coefficients also 

requires the reaction distance (rA + rB, eq 6).10  This reaction distance can be 

approximated using the bond length of the Mo-Mo bond (3.2 Å).  This bond length is 

unique in that it is more than twice the distance of the Pauli single-bond metal radii for 

molybdenum (1.371 Å).11  An advantage of using bulk viscosity is the simplification of 

eq 6 using the Stokes-Einstein relation to yield eq 7 (no reaction distance needed).10  Both 

of these approximations were used to calculate kD and then calculate Fcʹ (Table 6.2).  This 

was done to facilitate the comparison of these two approximation formulae. 

 

(6) 

 

(7) 
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Table 6.2.  Approximated values of kD using either bulk viscosity (η) or diffusion 

coefficient (D).  Fcʹ is calculated using these values. 

Solution Set 

kD from  

Bulk Viscosity  

(M-1·s-1, x 109) 

kD from 

Diffusion Coeff.  

(M-1·s-1, x 109) 

Fcʹ using η Fcʹ using D 

1 7.75±0.04 7.7 ± 0.3 0.073 0.074 

2 0.93±0.001 1.5± 0.1 0.726 0.438 

 

 

 The value of kD may also be approximated by using experimentally determined kd  

values determined by femtosecond pump-probe spectroscopy experiments.9  A plot of the 

inverse bulk viscosity (η, cP-1) vs kD for a set of different neat solvents yields a linear 

best-fit line (Figure 6.3).9  This proportionality between bulk viscosity and kD is 

indicative of a diffusion controlled process.9  For solvent cage effects, we now know that 

a better metric for the bulk viscosity is the diffusion coefficient, and a more useful graph 

would be D vs. kD.5,6  Using this best-fit line, and the measured bulk viscosity of the 

solutions, kD is again approximated and the values of Fcʹ are calculated (Table 6.3). 
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Figure 6.3.  Plot of inverse bulk viscosity (cP-1) vs kD (determined by kd molarity) values 

for a set of different neat solvents (one data point omitted).9 (best-fit: f(x) = (4.1586 x 

109)(x) + (5.5843 x 109), error bars ± 1σ) 

 

Table 6.3.  Fcʹ values calculated using kD from experimental kd values. 

Solution Set Bulk Viscosity (cP) kD (M-1·s-1, x 1010) Fcʹ 

1 0.853±0.004 1.04596 0.054 

2 7.05±0.01 0.617417 0.110 

 

6.3. Discussion 

 

 There are three Fcʹ values to consider, two that are calculated using approximated 

kD values and one kD value that is based on experimental data.  All of these Fcʹ values 

show the same general trend, that Fcʹ increases with the strength of the solvent cage 

(Table 6.4).  The strength of the solvent cage is indicated by the either the increasing bulk 

viscosity of the solution or the decreasing diffusion coefficient of the probe molecule 
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through that solution.  Also, with the exception of a single data point, all of the values of 

Fcʹ are significantly lower than the values for FcP.   

 

Table 6.4.  Compilation of collisional cage recombination (Fcʹ) values for two solutions 

of differing bulk viscosity (η).  Compared with the photochemical cage recombination 

efficiency (FcP). 

Solution 

Set 

Bulk Viscosity 

(cP) 

Theoretical Empirical 

FcP Fcʹ using kD 

from η (eq 7) 

Fcʹ using kD 

from D (eq 6) 

Fcʹ using kd 

(Figure 6.4) 

1 0.853±0.004 0.073 0.074 0.054 0.18±0.03 

2 7.05±0.01 0.726 0.438 0.110 0.65±0.02 

 

The approximation formula using bulk viscosity (eq 7), gives a reasonable kD 

value for 0.85 cP but not for 7.05 cP.  This is most likely because the formula is only 

appropriate for lower viscosity ranges that correspond to most neat solvents.  This may 

explain why the kD from 0.85 cP is a more reasonable a value and compares well with the 

other approximation formula (eq 6). 

 The reason for the difference in values between FcP and Fcʹ is intuitive.  The 

difference may be explained when considering the orbital alignment necessary for 

recombination to occur along with a complete picture of the fate of the radicals 

(Scheme 6.5).  Immediately following homolysis of the Mo-Mo bond, the radicals are in 

a primary solvent cage ([1], Scheme 6.5).  These radicals have not had sufficient time to 

rotate, therefore the orbitals necessary to form a covalent bond are correctly oriented.  

That is, the primary cage lifetime (5 ps) is much shorter than rotation of the radical.9  

Once the radicals separate far enough, a solvent molecule enters the space between them 

to create the secondary solvent cage ([2], Scheme 6.5).  The lifetime of this cage is long 

enough that the radicals can now rotate and become misaligned ([3], Scheme 6.5).  If 
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these misaligned radicals enter back into a primary cage ([4], Scheme 6.5) they will not 

have the proper orbital overlap to recombine.  Once sufficient diffusion has occurred to 

create free radicals ([5], Scheme 6.5), collisional radical pairs can be made.  To 

summarize, the photochemical geminate radical pairs start the entire process with proper 

orbital alignment to recombine in the primary solvent cage ([1], Scheme 6.5).  In contrast, 

the collisional non-geminate pairs start as free radicals that have to both; 1) enter into the 

primary solvent cage with 2) the proper orbital alignment to recombine ([6], Scheme 6.5).  

Statistically speaking, there is a higher probability that photochemical geminate radical 

pairs meet both of these criteria and that the collisional non-geminate pairs do not.  Hence 

FcP being greater that Fcʹ. 
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6.4. Concluding Summary 

 

The goal of the entire project is to isolate individual parameters that have an 

impact on the solvent cage effect.  These parameters together can create a quantitative 

and predictive model that can be used to determine FcP a priori.  So far the best single 

solvent parameter that can describe the solvent cage effect is the microviscosity (as felt 

by probe molecule that is similar in size and mass to the radicals being studied).  The 

microviscosity holds for a wide range of solvents including solutions containing 

polymers. 

However there are is still some parameters in which the mechanism of action is 

poorly understood.  The wavelength dependence of FcP when using Cp′2Mo2(CO)6 to 

generate radicals is one of these parameters that warrants further study.  This wavelength 

dependence also extends further than the solvent cage effect and may answer some 

fundamental questions about the molecule dynamics of the Cp′2Mo2(CO)6 dimer.  

Namely, what happens to the excess energy after the photochemical homolysis of the 

Mo-Mo bond?   

Using symmetrical radicals pairs generated from RCp2Mo2(CO)6, the theoretical 

relationship of FcP  mass0.5/radius2 has been given experimental validation.  The 

determination of an appropriate FcP relationship to mass and radius of asymmetrical 

radical pairs is missing however.  If the asymmetric RCp(CO)3Mo-Mo(CO)3CpR2 dimer 

could be synthesized, the same experimental design used in the symmetrical 

RCp2Mo2(CO)6 dimers could be applied.  In many cases, solvent caged radical pairs are 

not symmetrical in size and mass. 
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Finally, the collisional cage recombination efficiency (Fcʹ) was shown to be 

smaller than FcP.  The reason for this is difference is the collisional radical pair is more 

likely to be have misorientated orbitals in the primary solvent cage, than the 

photochemical radical pair.  Also, Fcʹ was shown to increase with increasing strength of 

the solvent cage just like FcP.  The next step for this project would be to produce more 

data at different microviscosities to determine the curve shape of the best-fit line between 

Fcʹ vs microviscosity. 
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APPENDIX A 

THE USE OF PHOTOCHEMICAL KINETICS TO REACH THE 

DERIVATION OF FcP 

 

 Justin T. Barry 

Department of Chemistry and Biochemistry, University of Oregon, Eugene, OR 

97403-1253 

 

 This appendix is intended to supplement the reader’s knowledge of kinetics with 

photochemical kinetics.  The goal is to work from some basics all the way up to the 

derivations used to determine an FcP (see below for definition).  The reader should be 

familiar with normal solution state kinetics (such as the steady-state approximation) 

before reading.  If this is not the case, or a review of that material is necessary, the 

following cited publications are recommended.1,2 

 

A.1. Photochemical 1st Order Kinetics 

 

Consider the simple reaction where a reactant A photochemically produces a product P 

(eq 1). 

 

(1) 

 



101 

What is the rate of this reaction and how do we determine it experimentally?  First, 

consider the elementary steps and their individual rate expressions (eq 2-4). 

 

(2) 

(3) 

(4) 

 

A* represents the excited state of A.  IA is the absorbed intensity of light.  This excited 

state can become product (k3) or it can non-radiatively decay (k2) to reform starting 

material.  The expression for formation of product would be k3[A*].  Experimentally 

determining how much A* is present in solution would be problematic because it is 

typically really short lived.  So instead we assume that the concentration is not changing 

after a short period of time and steady-state to a more reasonable term (the arrow [    ] 

denotes the final equation after algebraic manipulation of the immediately previous 

equation).  From eq 6 we can isolate [A*] to get eq 7. 

 

(4) 

(5) 

(6) 

(7) 

 

Now we can use eq 7 in place of [A*] in the product rate expression (eq 4).  This yields 

the following expression: 
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(8) 

 

It can be difficult to use IA if the intensity of the source varies slightly over time.  Also, 

the comparison of two different rates from two different systems requires that the 

intensity and the concentration of absorbing species be the same.  It is much more 

convenient to use a representation of the rate that is independent of intensity and 

concentration.  We will define a quantum yield (Φ, phi) to do this: 

 

 (9) 

 

This yields the following transformation to the final product rate expression (eq 10). 

 

 

 

 

(10) 

 

A.2. Reaction Order and Observed Kinetics 

 

A typical kinetics trace will be presented to show the relationship between the observed 

data of a photochemical 1st order reaction and the “apparent” order of said reaction from 

the kinetics.  Let us observe the decrease of an absorbing species “A” at a particular 
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wavelength (Figure A.1, arrow).  Now let’s plot the absorbance maxima of “A” as a 

function of time of irradiation (Figure A.2). 

 

 

Figure A.1.  Example absorbance data from 1st order photochemical reaction. 
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Figure A.2.  Graph of concentration of “A” over time from absorbance data. 

 

From Figure A.2 we can see that there is a 0th order and a 1st order regime.  Why does 

this occur?  It is necessary to explain this apparent discrepancy in the experimental data 

because almost all of the data used to determine kinetics in this dissertation contains this 

feature.  We will have to work through some math to find the source of this oddity.  This 

will require starting with the very beginning of where the experimental data is derived.  

Recall the definitions of absorbance (A, eq 11), transmittance (T, eq 12), and the Beer-

Lambert law (eq 13). 

 

 (11) 

(12) 

(13) 
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In the Beer-Lambert law, “ε” is the molar extinction coefficient for the compound, “b” is 

the path length of the cell, and “c” is the concentration of the absorbing species in the 

solution.  “Io” is the initial intensity of the light before entering the sample.  “I” is the 

intensity of light after leaving the sample and “IA” is the absorbed intensity of light.  

Hence the following equation is true (eq 14, note: the number 1 is colored red to prevent 

confusion): 

 

(14) 

 

We have now isolated the term I/Io to the far right of eq 14.  We can now use a 

rearrangement of the Beer-Lambert law to replace it (eq 15, recall algebraic logarithm 

rules). 

 

(15) 

 

From our quantum yield (eq 9) we can add in our newly defined definition of IA (eq 15). 

Because we are looking at the disappearance of an absorbing species “A” our rate is in 

terms of d[A]/dt (eq 16).   

 

(16) 

 

Finally we have reached an equation that will explain the experimental results of 

Figure A.2.  We will examine two extremes.  When Abs > 2 (or εbc > 2), more than 99% 
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of the light entering the cell is absorbed.  This means that the absorbance changes very 

little over time and the rate is essentially ΦIA (or 0th order in [A]).  However, when Abs 

<< 1 (or εbc >> 1), only a small fraction of the light is absorbed.  The term 1 – 10-εb[A] 

may be well approximated by 2.303εb[A].  Then the rate equation is ΦIo(2.303εb[A]), or 

1st order in [A].  Hence the apparent change in reaction order depending on the 

absorbance. 

 We haven’t yet introduced how we take an experimental curve like Figure A.2 

and produce a quantum yield.  In this case we will be determining an observed quantum 

yield (ΦObs) with measured and known values (eq 17).  We will use the slope of the 0th 

order portion of Figure A.2 [d(A)/dt], the measured volume of the solution being 

irradiated, the path length of the cell, the intensity of the light, the extinction coefficient 

of the absorbing species (ε), and a correction factor for non-absorbance (%A is the 

average % absorbance). 

 

 

(17) 

 

 

A.3 Photochemical Solvent Cage Effect Kinetics 

 

The determination of useful kinetic equations for the solvent cage effect will now be 

presented.  Although much more complicated than the 1st order derivation, many of the 

same algebraic manipulations are the same.  Consider first the overall reaction 
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(Scheme A.1), and then the elementary steps of the reaction with corresponding rate 

expressions (eq 18-22).  The overall reaction (Scheme A.1), also contains the radical 

solvent cage recombination efficiency (FcP) definition.  This is an important metric in 

describing the solvent cage effect and is ultimately what we are after. 

 

 

Scheme A.1.  Photochemical solvent cage effect 

 

 

 

(18) 

(19) 

(20) 

(21) 

(22) 

 

In the above equations (eq 18-22), we have kR as non-radiative decay of the excited state, 

kP as the rate of homolysis of the excited state, kcP as the recombination of a radical caged 

pair, and kdP as the diffusion of the radical pair out of the solvent cage.  The production 

rate of the product would be kdP[R· , ·R].  Just like in the example of 1st order kinetics, 
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this is a problem because it would be very difficult to know the concentration of a short-

lived intermediate.  Again, we will apply the steady-state approximation on [R· , ·R] to 

yield a more useful equation (eq 23). 

 

 

 

 

(23) 

 

Now we can replace an intermediate [R· , ·R] with an equation that now includes a 

different intermediate [R-R*].  This seems counterproductive but we will again use the 

steady-state approximation to rid us of [R-R*] (eq 24). 

 

 

 

 

(24) 

 

We will now take the production rate of the product kdP[R· , ·R] and add in eq 23 to 

replace [R· , ·R] and then eq 24 to replace [R-R*].  This will give us an equation with no 

intermediates (eq 25). 
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(25) 

 

Now that there are no intermediates we can put eq 25 into terms that can be easily 

measured.  We will start by defining a quantum yield for the pair of radicals (ϕpair, eq 26).  

This definition is the inherent quantum yield of the dimer excited state [R-R*]. 

 

(26) 

 

We use this ϕpair definition in eq 25 to yield a new equation (eq 27). 

 

(27) 

 

We will again define an overall observed quantum yield for the reaction (ΦObs, eq 28) to 

alleviate us from having to use IA from the rate equation (eq 27).  This ultimately yields 

us an equation that we can work with (eq 29). 

 

(28) 

(29) 

 

Remember at the very beginning of this section about FcP (Scheme A.1)? This is 

ultimately what we are after to describe the solvent cage effect.  We will have to use 

eq 29 to find it. FcP is actually hiding in that equation.  Consider the following 

transformation of eq 29 using the definition of FcP (eq 29). 
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(30) 

 

If we are able to calculate a ϕpair for the reaction, we will be able to calculate FcP using 

eq 30.  To do this we will have to further manipulate eq 30 so we may extract ϕpair.  

Consider the following transformations of eq 30 to yield eq 31. 

 

 

 

 

 

(31) 

 

Diffusion out of the solvent cage (kdP) is inherently related to the strength of the solvent 

cage.  By increasing bulk viscosity (η) of the solution we can increase the strength of the 

solvent cage (and decrease kdP).  Conversely, decreasing bulk viscosity of the solution 

will decrease the strength of the solvent cage and increase kdP.  Bulk viscosity is the 

propensity of a solution to resist flow.  Mathematically this can be represented as 

kdP ∝ η-1.  Care must be taken in the interpretation of this relationship as it is actually the 

microviscosity that dictates the cage effect.3  We can add small molecule viscosity 

enhancers (viscogens) such as paraffin oil to increase the bulk viscosity of the solution.  

This acts to change the microviscosity as well.  However, polymeric viscosity enhancers 

will only increase the bulk viscosity and do very little to the microviscosity.  If we use 
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our new relationship in eq 31 we can quickly see that if bulk viscosity is decreased to 

near zero we can eliminate the kcP term (eq 32). 

 

(32) 

 

How do we measure something at zero viscosity?  Experimentally we will increase the 

bulk viscosity of the solution being irradiated by changing the amount of viscogen.  This 

will give us a series of points at different viscosities with corresponding ΦObs.  We can 

then plot a graph of ΦObs
-1 vs η.  By extrapolation to zero viscosity (y-intercept) we can 

yield a value of ϕpair for that system (Figure A.3). 

 

 

Figure A.3.  Illustration of method for extrapolation to y-intercept. 
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APPENDIX B 

SUPPORTING INFORMATION FOR CHAPTER II 

 

Justin T. Barry, Daniel J. Berg, David R. Tyler* 

Department of Chemistry and Biochemistry, University of Oregon, Eugene, OR 

97403-1253 

 

 Appendix B of my dissertation is supporting information for a published paper.  

Reproduced with permission from J. Am. Chem. Soc. 2016, 138, 9389–9392.  Copyright 

2017 American Chemical Society. 

 

Selection of the NMR probe  

 

 The typical lifetime for a caged radical pair is on the order of 5 x10-12s and is too 

short to be observed with NMR techniques.1  Consequently, a probe molecule was 

needed to mimic the nature of the [Cp'Mo(CO)3] radical in the different solvent systems.  

The probe should ideally have similar mass and size to the that of the [Cp'Mo(CO)3] 

radical because FcP  mass1/2/radius2.2  A similar dipole moment would also mimic the 

potential electrostatic interactions between the solvent and radical.  A sharp and well 

resolved peak, separated from the background, would also greatly increase the accuracy 

of the DOSY NMR experiments.  An organometallic complex was sought having suitable 

parameters.  Unfortunately, many transition metals contain large quadrapolar moments 
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and have multiple isotopes.  Consider the example of Cp'Mn(CO)3.
3  The quadrapolar 

moment of 55Mn caused broadening in the 1H spectrum and in the 55Mn spectrum that 

made quantification impossible.  Two additional possibilities were the benzene 

complexes of C6H6Cr(CO)3 and C6H6Mo(CO)3.  Both compare fairly well with the 

[Cp'Mo(CO)3] radical in terms of size and mass (Table B.1).  Although C6H6Mo(CO)3 is 

a better match in terms of mass, C6H6Cr(CO)3 was selected because 53Cr has a much 

smaller quadrapolar moment (3 x10-30 Q/m2 compared to 1.2 x10-29 and 1.1 x10-28 Q/m2 

for 95Mo and 97Mo respectively). 
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Table B.1.  Comparison between radicals produced by photolysis and potential probe 

molecules. (Δ values are the difference of probe molecules from [CpʹMo(CO)] radical) 

Complex 
Dipole 

(Debye) 

Δ Dipole 

(Debye) 

Mass 

(Da) 

Δ Mass 

(Da) 

Volume 

(Å3) 

Δ Volume 

(Å3) 

 

 

†3.9 

 

0.00 

 

255.06 

 

0.00 

 

*200.86 

 

0.00 

 

 

*2.52 

 

-1.38 

 

204.06 

 

-51.00 

 

*202.28 

 

1.42 

 

 

*2.53 
¥5.30 

 

*-1.37 
¥1.40 

 

214.14 

 

-40.92 

 

*194.05 

 

-6.81 

 

 

*4.67 
¥5.85 

 

*0.77 
¥1.95 

 

258.10 

 

3.00 

 

*197.51 

 

-3.35 

*HF, 3-21G start from MMFF conformer (In collaboration with E. Adrian Henle) 
† DFT B3LYP/3-21G(Mo)/6-31G* (Calculation performed by Dale Braden3) 
¥ Experimentally determined values4 
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Instrumentation and Reagents 

 

 All samples were prepared in a darkened, nitrogen-filled glove box fitted with 

light emitting diodes in the red region (633 nm). Reagents were purified using standard 

procedures to exclude water and oxygen.5  Carbon tetrachloride (Acros, 

spectrophotometric grade 99+%), n-hexane (TCI, anhydrous), paraffin oil (Sigma-

Aldrich, infrared grade), polystyrene (Aldrich, Mw 45,000), dimethylsiloxane (50 cSt, 

Mw ~3,780), polybutenes (Sigma-Aldrich, Mn 2,300, isobutylene > 90%), benzene 

chromium tricarbonyl (Strem, >98%) were degassed, and used as received. Toluene 

(Sigma-Aldrich, reagent grade), and 1,1-bis(3,4-dimethylphenyl)ethane (TCI, >90%) 

were dried with sodium and fractionally distilled under high vacuum. 

Hexamethyldisiloxane (Sigma-Aldrich, 98+%) was degassed and distilled under high 

vacuum.  Liquid reagents were stored under activated molecular sieves (4 Å) (allowed to 

sit for at least 72 hours) before usage. Methylcyclopentadienylmolybdenum(I) tricarbonyl 

dimer (Sigma-Aldrich, 97%) was purified by recrystallization. 

 

Determination of Bulk Viscosity 

 

 A Gay-Lussac pycnometer was used to determine the density of the solutions.  

The pycnometer was previously calibrated with 18 MΩ water at 25.0 °C.  Solutions and 

the pycnometer were temperature equilibrated in a box that was regulated with a heat 

exchanger at 25.0 °C for at least 30 minutes prior to measurement.  Three Ubbeholde 

type viscometers were used in this study (Cannon Instrument UB-50, UB-75, and UB-
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100).  A temperature regulated water tank was used to partially submerge the viscometers 

(regulated at 25.0 °C).  The viscometers were calibrated using neat solvents of a varying 

and known viscosity (Table B.2).  Measurements were performed in triplicate. Linear fits 

were determined for each viscometer (Figure B.1).  Dynamic viscosities (referred to as 

bulk viscosities) were determined for each solvent system by measuring both the 

kinematic viscosity and the density (Figure B.2). 

 

Table B.2.  Literature densities and viscosities for calibration (25.0 C). 

Compound 
Density 

(g/cm3) 

Dynamic 

Viscosity 

(cP) 

diglyme 0.9384 0.989 

tetraglyme 1.009 0.845 

decane 0.7264 0.845 

tetrahydrofuran 0.88 0.46 

benzene 0.873 0.6 

dimethylsulfoxide 1.095 1.99 

n-hexane 0.6548 0.296 

n-tetradecane 0.7591 2.077 

2,6,10,14-

tetramethylpentadecane 
0.77911 5.4793 
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Figure B.1.  Calibration regression of the viscometers. 

 

 

Figure B.2.  Bulk viscosities of the solutions in relation to added viscogen amount 

(wt%).  All samples included 20% wt. CCl4. 
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Determination of microviscosity by NMR 

 

 Samples containing benzene chromium tricarbonyl were found to be oxygen and 

light sensitive in the presence of CCl4 (noted by the loss of the C6H6 resonance 

accompanied with a brown precipitate).  All samples were prepared in a darkened 

nitrogen glove box fitted with light emitting diodes in the red region (633 nm).  The 

concentration of the benzene chromium tricarbonyl was 1.4 mM to mimic the 

concentration of [Cp'Mo(CO)6] produced by photolysis of the Cp'2Mo2(CO)6 dimer. 

NMR samples contained a flame sealed internal lock capillary of acetone-d6 and were 

subsequently flame sealed. 

Diffusion ordered spectroscopy (DOSY) was performed on a 500 MHz Bruker 

spectrometer (1H 500.23 MHz) equipped with a Prodigy Cyroprobe and using the 

ledbpgp2s pulse sequence.  Pulse widths were individually calibrated to be 90°.  (A 

typical experiment had a Δ (d20) of 0.06 s and a δ (p30) of 0.003 s with a varying 

gradient power from 5%-95%).  Spin-lattice times were measured using the pulse 

sequence t1ir. A methanol temperature probe was used to confirm the internal 

temperature (25 °C) of the probe prior to experimentation.6 Total temperature equilibrium 

time before DOSY measurements was 3-4 hours.  A representive sample spectra is shown 

(Figure B.3). 
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Figure B.3.  DOSY plot of C6H6Cr(CO)3 in 80% n-hexane and 20% CCl4 (1.4 mM). The 

intermittent black line spectra are for visual aid only. 

 

Determination of FcP  

 

 An Oriel Merlin radiometry system was used to monitor the photoreaction of 

Cp'2Mo2(CO)6.  The irradiation source was a modified 50 mW frequency doubled 

Nd:YAG diode laser pointer module (DPSS-5, 532 nm, Beam of Light Technologies) 

with a Oriel 100 mm2, NIST-calibrated silicon photodiode (model 70356) detector.7  The 

beam was chopped with a five-blade chopper (Oriel model 75163) operating at 30.0 Hz 

to eliminate electrical line noise.  A custom built water-jacketed stir plate was regulated 

at 25.0 °C with a water recirculator.  The entire system was regulated at 25.0 °C using an 

air-flow radiator and water recirculator.  Each sample was prepared in a darkened glove 

box before being transferred in a Schlenk UV-vis cell. 

 The raw data is converted from transmittance to absorbance (Figure B.4).  The 

linear portion is fitted (typically 200 data points) and the slope (dA/dt) is used in eq 1.  

The volume, path length, extinction coefficient, and intensity are measured quantities.  

The 100/%A term is a correction for non-absorbance.  The quantum yield measurements 
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are performed in triplicate for all samples.  Calculation of FcP requires the value Φpair 

(eq 2).  Rearrangement of eq 2 yields eq 3.  The rate kd is inversely proportional to the 

viscosity of solution, such that, extrapolation to zero viscosity would yield a kc/kd term 

that is much smaller than 1 (as kd becomes very large).  At zero viscosity, Φobsd = Φpair. 

Plots of 1/Φobsd vs. bulk viscosity (Figure B.5) are used to obtain Φpair by extrapolation to 

the y-intercept. 

 

Figure B.4.  Plot of absorbance decay of Cp'2Mo2(CO)6 at 532 nm in 80% DXE and 20% 

CCl4. 
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Figure B.5.  Plot of quantum yields vs. bulk viscosity.  The solvent was toluene with 

DXE added to increase bulk viscosity.  All samples contain 20% wt. CCl4.  Samples were 

run in triplicate with error bars at ±1. 
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APPENDIX C 

SUPPORTING INFORMATION FOR CHAPTER III 

 

Justin T. Barry, Daniel J. Berg, David R. Tyler* 

Department of Chemistry and Biochemistry, University of Oregon, Eugene, OR 

97403-1253 

 

 Appendix C of my dissertation is supporting information for a published paper.  

Reproduced with permission from J. Am. Chem. Soc. 2017, 139, 14399-14405.  

Copyright 2017 American Chemical Society. 

 

Description of solvents and reagents: 

 Solvents used in this study were further purified to remove any water.2  Glyme 

(TCI Chemicals, >99.0%), tetraglyme (TCI Chemicals, >98.0%), toluene (Sigma-

Aldrich, ≥99.5%), and 1,1-bis(3,4-dimethylphenyl)ethane (TCI Chemicals, >90.0%) were 

refluxed with sodium metal and then distilled under reduced pressure.  N-methyl-2-

pyrrolidone (Sigma-Aldrich, >99.0%), and hexamethyldisiloxane (Sigma-Aldrich, 98+%) 

were distilled under reduced pressure.  Paraffin (Fluka, infrared grade), n-hexane (TCI 

Chemical, anhydrous), polybutenes (Sigma-Aldrich, Mn = 2300, isobutylene > 90 %), 

polystyrene (Aldrich, Mw = 45,000), polydimethylsiloxane (Sigma-Adrich, 50 cSt, Mw 

~3780), methan(ol-d1) (Sigma-Aldrich, 99.5 atom % D), benzene chromium tricarbonyl 

(Strem, >98%), N,N-dimethylformamide (EMD Millipore, anhydrous, >99.8%) and 

carbon tetrachloride (Acros, spectrophotometric grade 99+%) were used without further 
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purification.  Liquid reagents were degassed with N2 or freeze-pump-thawed before 

bringing into the glove box and stored on activated molecular sieves (3 Å).  

Methylcyclopentadienylmolybdenum(I) tricarbonyl dimer (Sigma-Aldrich, 97%) was 

purified by recrystallization. 

 

Choice of DMF/CCl4 for polarity study: 

The range of polarities was chosen because of the miscibility of DMF and CCl4 with the 

solvatochromic indicator (Nile Red).  Solvatochroism is inherently a microscopic 

phenomenon that directly depends on the environment around the probe molecule.  Nile 

Red is typically used as a stain for lipids in biological systems.3  It was thought that a 

very polar solution of methanol/CCl4 would preferentially solvate Nile Red.  This would 

have given inaccurate polarities of the bulk solutions under study.  If there had been a 

significant dependence on polarity, the inaccurate polarities would have made the 

interpretation difficult. 
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Table C.1.  Solvents and viscogens used in this study with relevant properties. 

solvent viscogen 

bulk viscosity 

range (cP) 

microviscosity 

range (s/m2)  109 

solvent 

type 

n-hexane 

paraffin 0.36-20.61 0.29-6.08 aliphatic 

polybutenes 

(Mw = 3200) 

0.36-18.27 0.28-2.31 

aliphatic 

(polymeric) 

toluene 

1,1-bis(3,4-

dimethylphenyl)-

ethane 

0.61-8.01 0.57-5.05 aromatic 

polystyrene 

(Mw = 45,000) 

0.61-30.22 0.60-0.83 

aromatic 

(polymeric) 

paraffin 0.61-21.06 0.55-6.08 mixed 

hexamethyl-

disiloxane 

polydimethyl-

siloxane 

(Mw = 3800) 

0.54-18.22 0.41-1.94 

siloxane 

(polymeric) 

glyme tetraglyme 0.50-2.83 0.49-2.23 

polar 

aprotic 

methanol-D1 tetraglyme 0.66-2.86 0.59-2.22 mixed 

N-methyl-2-

pyrrolidone 

1,1-bis(3,4-

dimethylphenyl)-

ethane 

1.88-7.66 1.62-6.26 mixed 
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Table C.2.  Literature densities and viscosities for calibration (25.0 C). These data were 

reported in a prior communication.1 

compound 

density 

(g/cm3) 

dynamic 

viscosity 

(cP) 

diglyme 0.9384 0.989 

tetraglyme 1.009 0.845 

decane 0.7264 0.845 

tetrahydrofuran 0.88 0.46 

benzene 0.873 0.6 

dimethylsulfoxide 1.095 1.99 

n-hexane 0.6548 0.296 

n-tetradecane 0.7591 2.077 

2,6,10,14-

tetramethylpentadecane 

0.77911 5.4793 
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Figure C.1.  Calibration regression of the viscometers used in this study.  This data was 

reported in a prior communication.1 

 

 

 

 
 

Figure C.2.  Kinetic absorbance data for the toluene/DXE/CCl4 solvent system. 
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Figure C.3.  Plot of 1/Φobsd as a function of bulk viscosity for the toluene/DXE/CCl4 

solvent system. Data points are in triplicate with error bars of 1 σ. 

 

 

 

 

 
Figure C.4.  Example 1H-DOSY spectra of the C6H6Cr(CO)3 probe molecule in 80 vol% 

glyme and 20 vol% CCl4 (part of the glyme/tetraglyme/CCl4 solvent series). Pulse 

sequence ledbpgps, ns = 8, d1 = 10s, 30 linear gradient slices. 
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Figure C.5.  UV-vis spectra of the solvatochromic indicator Nile red in the DMF/CCl4 

solvent system. 

 

 

 

 
 

Figure C.6.  A plot of FcP as a function of bulk viscosity (cP). Each sample contains 

20 wt% CCl4; error bars are 1 σ; and curves are only a visual aid. 

 

0

0.2

0.4

0.6

0.8

1

1.2

400 450 500 550 600

A
b

so
rb

a
n

ce

Wavelength (nm)

0% DMF

16% DMF

32% DMF

48% DMF

64% DMF

80% DMF

0.00

0.25

0.50

0.75

1.00

0 10 20 30

F
c
P

Bulk viscosity (cP)

n-hexane/paraffin

n-hexane/polybutenes

toluene/DXE

toluene/polystyrene

HMDS/PDMS

glyme/tetraglyme

n-hexane/paraffin 

n-hexane/polybutenes 



 

129 

 

 

 

 

 

 

 

 

 

Figure C.7.  A plot of FcP as a function of microviscosity (s/m2) for the mixed solvent 

systems (toluene/paraffin, N-methyl-2-pyrrolidone/1,1-bis(3,4-dimethylphenyl)ethane, 

methanol-d1/tetraglyme).  Each sample contains 20 wt% CCl4; error bars are 1 σ; and 

curves are only a visual aid. 
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Figure C.8.  A plot of Φobsd as a function of bulk viscosity in the solvent system 

dimethylformamide/CCl4.  Callouts on the data are for volume percentage 

dimethylformamide.  Error bars are 1 σ. Note that the range of Φobsd is only 0.19-0.22, 

whereas the range for n-hexane/paraffin/CCl4 spans 0.10-0.65. 
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Figure C.9.  A plot of Φobsd as a function of microviscosity in the solvent system 

dimethylformamide/CCl4.  Callouts on the data are for volume percentage 

dimethylformamide.  Error bars are 1 σ. Note that the range of Φobsd is only 0.19-0.22, 

whereas the range for n-hexane/paraffin/CCl4 spans 0.10-0.65.  
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APPENDIX D 

SELECTED EXPERIMENTAL DETAILS FOR THE 

SYNTHESIS OF AN ASYMMETRIC MOLYDENUM DIMER 

TO STUDY SIZE AND MASS DEPENDENCE ON FcP OF 

ASSYMETRIC RADICAL PAIRS IN A SOLVENT CAGE 

 

 Justin T. Barry, David R. Tyler* 

Department of Chemistry and Biochemistry, University of Oregon, Eugene, OR 

97403-1253 

 

 Appendix D of my dissertation contains selected experimental details towards the 

synthesis of a molybdenum dimer of the type R1Cp(CO)3Mo-Mo(CO)3CpR2 (where R1 

≠ R2).   

 

Experimental Section 

 

3-((tetrahydropyran-2-yl)oxy)-1-bromopropane 

To a 250 mL round bottom, 47.86 g (0.344 mols) of bromopropanol was charged with 50 

mL dichloromethane.  The solution was cooled to 0 °C and 20 mg of pyridinium 

p-toluenesulfonate was added.  Over the course of 30 minutes, 34.14 g (0.406 mols) of 
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3,4-dihydro-2H-pyran was added dropwise.  The reaction was allowed to react for 6 hrs. 

Sodium bicarbonate was added and allowed to stir for 15 mins.  The mixture was filtered 

over a coarse frit. The solution was then rinsed with aqueous sodium bicarbonate twice 

and with a brine solution once.  Dried over sodium sulfate and then concentrated into a 

clear yellow oil (78.11 g, 97% yield). 1H NMR (d1-CDCl3, 300 MHz, 25 °C): δ 4.59 (s, 

1H), 3.85 (m, 2H), 3.52 (m, 4H), 2.12 (p, 2H), 1.70 (m, 6H) 

 

 

Sodium Cyclopentadienide 

To a 250 mL round bottom, 168.2 g of molten dicyclopentadiene was added.  Freshly 

chopped metallic sodium (10 g) was added under heavy flow of nitrogen. The mixture 

was refluxed at 160 °C for 6 hours.  A white precipitate formed upon evolution of 

hydrogen gas.  Upon completion, the mixture was filtered in a glove box and the product 

washed with hexanes.  Yield was not obtained.  Unreacted dicyclopentadiene was 

recovered for further reactions. 1H NMR (d6-DMSO, 300 MHz, 25 °C): δ 5.37 (s, 5H) 

 

 

 

 



134 

 

2-[(3-(1,3-cyclopentadien-1-yl)propyl)oxy]tetrahydro-2H-pyran 

To a 100 mL round bottom, 7.47 g (33.4 mmols) of THP protected bromopropanol was 

added with 30 mL of THF.  The solution was subjected to three freeze-pump-thaw cycles.  

The solution was cooled to -78 °C and 3.24 g (36.7 mmols) of sodium cyclopentadienide 

in 20 mL THF was cannula transferred in.  The reaction was allowed to come to room 

temp at which a pink precipitate formed.  Diethyl ether was added and the mixture was 

washed twice with water and once with a brine solution.  The yellow solution was dried 

with sodium sulfate and concentrated to a viscous clear yellow oil (6.33 g, 90% yield). 

 

 

 

NaCpMo(CO)3 

Under rigorous air free technique, 1.2701 g (14.4 mmols) sodium cyclopentadienide was 

charged into a single-neck 100 mL roundbottom with 40 mL THF and a stir bar.  To a 

two-neck Schlenk adapted roundbottom, 4.0623 g (15.4 mmols) of molybdenum 

hexacarbonyl was added with 10 mL of THF and a stir bar.  The two-neck flask was 

fitted with a reflux condenser and cooled to 0 °C at which the sodium cyclopentadiene 
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solution was cannula transferred in.  The mixture was refluxed at 80 °C for 15 hrs.  The 

mixture turned a dark brown upon completion with some precipitate.  The product was 

precipitated upon addition of hexanes and filtered.  More hexanes were used to wash the 

white solid (NaCpMo(CO)3·2THF, 5.7520 g, 70% yield). IR (THF) ν 1900, 1796, 1744 

cm-1
.  

 

 

LiCp’Mo(CO)3 

In a 100 mL one-neck round bottom, 2.9098g (13.9 mmols) of (1) was added with 50 mL 

THF.  The solution was then freeze-pump-thawed three times.  At -78 °C, 6.9 mL of 

2.5 M n-buLi was added dropwise.  Upon addition the solution turned a light orange.  

The solution was then cannula transferred into a two-neck Schlenk adapted 100 mL 

roundbottom with degassed molybdenum hexacarbonyl (4.0845 g, 15.5 mmols).  The 

mixture was then refluxed at 80 °C for 15 hrs.  The mixture turned a dark brown with 

some precipitate.  All of the THF was removed in vacuo and the brown residue was 

redissolved in DCM.  The product was then precipitated using hexanes and filtered to 

yield a white solid.  Any THF present caused the product to oil. (4.0805 g, 74% yield).  

IR (THF) ν 1884, 1788, 1765 cm-1. 
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CpMo(CO)3Br 

NaCpMo(CO)3 was made in situ without isolation: 3.674 g (4.2 mmol) sodium 

cyclopentadienide, 1.2109 g (4.6 mmol) molybdenum hexacarbonyl.  The solution was 

then cooled to 0 °C and 0.6662 g (4.2 mmol) bromine was added as a THF solution 

dropwise.  The solution turned from dark brown to dark red.  The solution was then 

precipitated with hexanes and filtered to yield a red solid (0.9938 g, 73% yield).  

IR (THF) ν 2046, 1968 cm-1. 

 

 

Cp’Mo(CO)3Br 

Cp’Mo(CO)3Br was synthesized in a similar manner to CpMo(CO)3Br.  LiCp’Mo(CO)3 

was treated with 1 eq of bromine and used without workup. IR (THF) ν 2043, 1965 cm-1 
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CpMo(CO)3H 

Sodium cyclopentadienide (2.1102 g, 23.9 mmols) was added to a 100 mL round bottom 

with 50 mL dimethylformamide.  The resulting brown solution was cannula transferred 

into another Schlenk flask with degassed molybdenum hexacarbonyl (7.0001 g, 26.5 

mmol).  The reaction was refluxed at 120 °C for 24 hrs (reactions were usually complete 

in 6 hrs).  DMF was distilled off resulting in a brown oil.  Water was added to the brown 

oil to dissolve it, followed by the slow addition of acetic acid (9.6 mL) at 0 °C.  A yellow 

precipitate formed immediately.  The mixture was filtered and washed with water (5.2404 

g, 82% yield). 1H NMR (d1-CDCl3, 500 MHz, 25 °C): δ 5.42 (s, 5H), -5.56 (s, 1H); 13C 

NMR (d1-CDCl3, 500 MHz, 25 °C) δ 90.06 (s); IR (THF)  

ν 2023, 1931 cm-1. 

 

 

Trityl tetrafluoroborate 

In a 100 mL Schlenk flask, triphenyl chloride (13.9622 g, 14.2 mmol) was dissolved in 

50 mL of dry benzene.  To the solution, 5.73 mL (14 mmol) of a 54% tetrafluoroboric 
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acid etherate was added dropwise at 0 °C.  A yellow precipitate formed immediately and 

was filtered and washed with hexanes (11.4252 g, 69% yield).  1H NMR (d1-CDCl3, 500 

MHz, 25 °C): δ 8.22 (br, 3H), 7.87 (br, 6H), 7.70 (br, 6H). 

 

 

BF4CpMo(CO)3 

To an improved Kjeldahl Schlenk flask, CpMo(CO)3H (6.1450g, 24.9 mmols) was added 

to 50 mL of DCM.  The yellow-brown solution was cooled to -78 °C and trityl 

tetrafluoroborate (8.5046 g, 25.8 mmols) in DCM was cannula transferred slowly down 

the side of the flask.  During the course of the addition, the solution turned violet. After 1 

hour, cold hexanes was added.  The solution was then distilled at -78 °C under high 

vacuum to remove the DCM.  A violet precipitate resulted that was washed with more 

cold hexanes.  IR (THF) ν 2070, 1988 cm-1 
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APPENDIX E 

SUPPORTING INFORMATION FOR CHAPTER V 

 

Justin T. Barry, David R. Tyler* 

Department of Chemistry and Biochemistry, University of Oregon, Eugene, OR 

97403-1253 

 

 Appendix E of my dissertation is the supporting information for a Chapter VI.  

This appendix details the kinetic derivations that are used in Chapter VI. 

 

Derivation 

 

The classic mechanistic model of the solvent cage effect (Figure E.1) will be modified for 

this derivation.  First, the concentration of radical trap (CCl4) will be significantly 

lowered so that free radicals can form collisional pairs (Figure E.2).  Second, acronyms 

for some of the species will be used to cut down on clutter (Figure E.2). 
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Figure E.1.  Classical mechanistic model for the solvent cage effect. 

 

 

 

Figure E.2.  Mechanistic model of the solvent cage effect used for this derivation. 
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APPENDIX F 

TABULATED CRYSTAL STRUCTURE DATA 

 

 Justin T. Barry, Sarah E. Brady, Lev M. Zahkarov, David R. Tyler* 

Department of Chemistry and Biochemistry, University of Oregon, Eugene, OR 

97403-1253 

 

 Appendix F of my dissertation reports the two crystal structures.  Appropriate 

acknowledgements of work are made at the beginning of each structure. 

 

Crystal Structure of 1,3-propanediol, 2-methyl-2-[[(phenylsulfonyl)oxy]methyl]-1,3-

dibenzenesulfonate 

  

This crystal structure was grown in collaboration with Sarah E. Brady during a 

rotation in the Prof. David R. Tyler lab.  I conducted the synthesis, and grew the crystal.  

The crystal was solved by Dr. Lev M. Zahkarov.  The goal was to produce the core pieces 

of star polymers.  The tosylated alcohols would act as leaving groups for nucleophiles. 
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Figure F.1.  Reaction to produce 1,3-propanediol, 2-methyl-2-[[(phenylsulfonyl)oxy] 

methyl]-1,3-dibenzenesulfonate. 

 

 

 

  

Figure F.2.  Chemdraw sketch of the molecule next to the crystal structure ORTEP. 
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Table F.1. Crystal and structure refinement for 1,3-propanediol, 2-methyl-2-

[[(phenylsulfonyl)oxy]methyl]-1,3-dibenzenesulfonate (internal ID# mo_dt21_0m) 

Identification code  mo_dt21_0m 

Empirical formula  C26 H30 O9 S3 

Formula weight  582.68 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 17.9114(14) Å a= 90°. 

 b = 5.8709(4) Å b= 93.030(2)°. 

 c = 25.958(2) Å g = 90°. 

Volume 2725.8(4) Å3 

Z 4 

Density (calculated) 1.420 Mg/m3 

Absorption coefficient 0.324 mm-1 

F(000) 1224 

Crystal size 0.37 x 0.23 x 0.14 mm3 

Theta range for data collection 1.35 to 27.00°. 

Index ranges -22<=h<=22, -7<=k<=7, -33<=l<=33 

Reflections collected 45449 

Independent reflections 5948 [R(int) = 0.0425] 

Completeness to theta = 27.00° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9549 and 0.8891 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5948 / 0 / 463 

Goodness-of-fit on F2 1.050 

Final R indices [I>2sigma(I)] R1 = 0.0400, wR2 = 0.1095 

R indices (all data) R1 = 0.0451, wR2 = 0.1192 

Largest diff. peak and hole 0.875 and -0.601 e.Å-3 
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Table F.2. Atomic coordinates and equivalent isotropic displacement parameters for 

[mo_dt21_0m]. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________  

S(1) 7160(1) 7055(1) 1217(1) 16(1) 

S(2) 7335(1) 6617(1) -1231(1) 20(1) 

S(3) 9870(1) 5548(1) 776(1) 12(1) 

O(1) 7664(1) 8365(2) 833(1) 15(1) 

O(2) 7301(1) 8181(2) 1699(1) 24(1) 

O(3) 7283(1) 4660(2) 1168(1) 24(1) 

O(4) 7596(1) 8326(2) -788(1) 19(1) 

O(5) 6618(1) 7459(3) -1406(1) 30(1) 

O(6) 7405(1) 4334(2) -1045(1) 30(1) 

O(7) 9195(1) 6185(2) 385(1) 13(1) 

O(8) 9929(1) 3128(2) 736(1) 18(1) 

O(9) 10499(1) 6961(2) 676(1) 17(1) 

C(1) 8268(1) 8869(3) 35(1) 12(1) 

C(2) 8080(1) 11419(3) 33(1) 16(1) 

C(3) 7676(1) 7504(3) 305(1) 13(1) 

C(4) 8320(1) 7945(3) -512(1) 15(1) 

C(5) 9034(1) 8615(3) 314(1) 13(1) 

C(6) 6240(1) 7655(3) 985(1) 17(1) 

C(7) 5817(1) 5976(4) 747(1) 42(1) 

C(8) 5081(1) 6453(5) 582(1) 50(1) 

C(9) 4772(1) 8575(4) 648(1) 28(1) 

C(10) 5208(1) 10218(4) 892(1) 36(1) 

C(11) 5945(1) 9778(4) 1060(1) 33(1) 

C(12) 3977(1) 9063(6) 460(1) 41(1) 

C(13) 7972(1) 7023(3) -1715(1) 17(1) 

C(14) 7932(1) 9014(3) -2007(1) 21(1) 

C(15) 8398(1) 9252(3) -2415(1) 24(1) 

C(16) 8895(1) 7523(4) -2536(1) 24(1) 

C(17) 8938(1) 5575(3) -2228(1) 26(1) 

C(18) 8479(1) 5310(3) -1816(1) 23(1) 

C(19) 9355(1) 7720(5) -3005(1) 38(1) 

C(20) 9545(1) 6293(3) 1379(1) 14(1) 

C(21) 9740(1) 8399(3) 1594(1) 18(1) 

C(22) 9437(1) 9014(3) 2055(1) 22(1) 

C(23) 8948(1) 7581(3) 2300(1) 24(1) 

C(24) 8781(1) 5459(3) 2084(1) 23(1) 

C(25) 9070(1) 4804(3) 1621(1) 18(1) 

C(26) 8577(2) 8368(4) 2777(1) 38(1) 
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Table F.3. Bond lengths [Å] and angles [°] for  mo_dt21_0m. 

S(1)-O(2)  1.4262(13) 

S(1)-O(3)  1.4297(14) 

S(1)-O(1)  1.5781(11) 

S(1)-C(6)  1.7595(17) 

S(2)-O(5)  1.4272(14) 

S(2)-O(6)  1.4286(14) 

S(2)-O(4)  1.5785(13) 

S(2)-C(13)  1.7569(17) 

S(3)-O(8)  1.4293(12) 

S(3)-O(9)  1.4326(12) 

S(3)-O(7)  1.5828(11) 

S(3)-C(20)  1.7535(15) 

O(1)-C(3)  1.4629(18) 

O(4)-C(4)  1.4650(19) 

O(7)-C(5)  1.4650(18) 

C(1)-C(5)  1.525(2) 

C(1)-C(3)  1.528(2) 

C(1)-C(4)  1.529(2) 

C(1)-C(2)  1.534(2) 

C(2)-H(2A)  0.94(3) 

C(2)-H(2B)  0.97(2) 

C(2)-H(2C)  0.93(2) 

C(3)-H(3A)  0.95(2) 

C(3)-H(3B)  0.96(2) 

C(4)-H(4A)  0.96(2) 

C(4)-H(4B)  0.94(2) 

C(5)-H(5A)  0.98(2) 

C(5)-H(5B)  0.986(19) 

C(6)-C(7)  1.371(3) 

C(6)-C(11)  1.372(3) 

C(7)-C(8)  1.392(3) 

C(7)-H(7)  1.00(3) 

C(8)-C(9)  1.378(3) 

C(8)-H(8)  0.95(4) 

C(9)-C(10)  1.373(3) 

C(9)-C(12)  1.509(3) 

C(10)-C(11)  1.392(3) 

C(10)-H(10)  0.95(4) 

C(11)-H(11)  0.92(3) 

C(12)-H(12A)  0.87(4) 

C(12)-H(12B)  0.91(4) 

C(12)-H(14C)  0.96(5) 

C(13)-C(18)  1.390(2) 

C(13)-C(14)  1.393(2) 

C(14)-C(15)  1.389(3) 
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C(14)-H(14)  0.91(2) 

C(15)-C(16)  1.397(3) 

C(15)-H(15)  0.98(2) 

C(16)-C(17)  1.395(3) 

C(16)-C(19)  1.511(3) 

C(17)-C(18)  1.390(3) 

C(17)-H(17)  1.00(2) 

C(18)-H(18)  0.95(2) 

C(19)-H(19A)  0.91(4) 

C(19)-H(19B)  1.04(3) 

C(19)-H(19C)  0.97(3) 

C(20)-C(25)  1.393(2) 

C(20)-C(21)  1.394(2) 

C(21)-C(22)  1.387(2) 

C(21)-H(21)  0.92(3) 

C(22)-C(23)  1.391(3) 

C(22)-H(22)  0.94(2) 

C(23)-C(24)  1.392(3) 

C(23)-C(26)  1.508(2) 

C(24)-C(25)  1.386(2) 

C(24)-H(24)  0.97(2) 

C(25)-H(25)  0.95(2) 

C(26)-H(26A)  0.95(3) 

C(26)-H(26B)  1.02(4) 

C(26)-H(26C)  0.92(3) 

O(2)-S(1)-O(3) 120.78(8) 

O(2)-S(1)-O(1) 104.34(7) 

O(3)-S(1)-O(1) 109.20(7) 

O(2)-S(1)-C(6) 108.99(8) 

O(3)-S(1)-C(6) 108.19(8) 

O(1)-S(1)-C(6) 104.09(7) 

O(5)-S(2)-O(6) 119.64(9) 

O(5)-S(2)-O(4) 103.78(8) 

O(6)-S(2)-O(4) 109.39(8) 

O(5)-S(2)-C(13) 109.42(8) 

O(6)-S(2)-C(13) 108.73(9) 

O(4)-S(2)-C(13) 104.83(7) 

O(8)-S(3)-O(9) 120.06(7) 

O(8)-S(3)-O(7) 104.16(7) 

O(9)-S(3)-O(7) 109.18(7) 

O(8)-S(3)-C(20) 110.00(7) 

O(9)-S(3)-C(20) 108.56(7) 

O(7)-S(3)-C(20) 103.60(7) 

C(3)-O(1)-S(1) 117.38(10) 

C(4)-O(4)-S(2) 118.64(10) 

C(5)-O(7)-S(3) 116.67(9) 
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C(5)-C(1)-C(3) 111.12(12) 

C(5)-C(1)-C(4) 108.00(12) 

C(3)-C(1)-C(4) 108.51(13) 

C(5)-C(1)-C(2) 106.82(12) 

C(3)-C(1)-C(2) 110.83(13) 

C(4)-C(1)-C(2) 111.53(13) 

C(1)-C(2)-H(2A) 110.2(15) 

C(1)-C(2)-H(2B) 110.5(12) 

H(2A)-C(2)-H(2B) 111.6(19) 

C(1)-C(2)-H(2C) 113.1(13) 

H(2A)-C(2)-H(2C) 105.9(19) 

H(2B)-C(2)-H(2C) 105.3(18) 

O(1)-C(3)-C(1) 107.05(12) 

O(1)-C(3)-H(3A) 108.6(12) 

C(1)-C(3)-H(3A) 111.7(12) 

O(1)-C(3)-H(3B) 107.8(12) 

C(1)-C(3)-H(3B) 111.9(12) 

H(3A)-C(3)-H(3B) 109.6(17) 

O(4)-C(4)-C(1) 107.75(12) 

O(4)-C(4)-H(4A) 107.2(12) 

C(1)-C(4)-H(4A) 110.1(12) 

O(4)-C(4)-H(4B) 106.6(12) 

C(1)-C(4)-H(4B) 111.8(12) 

H(4A)-C(4)-H(4B) 113.0(17) 

O(7)-C(5)-C(1) 108.71(12) 

O(7)-C(5)-H(5A) 107.8(11) 

C(1)-C(5)-H(5A) 110.6(11) 

O(7)-C(5)-H(5B) 109.2(10) 

C(1)-C(5)-H(5B) 108.5(10) 

H(5A)-C(5)-H(5B) 112.0(15) 

C(7)-C(6)-C(11) 120.58(18) 

C(7)-C(6)-S(1) 119.72(15) 

C(11)-C(6)-S(1) 119.66(14) 

C(6)-C(7)-C(8) 119.1(2) 

C(6)-C(7)-H(7) 117.2(19) 

C(8)-C(7)-H(7) 123.7(19) 

C(9)-C(8)-C(7) 121.5(2) 

C(9)-C(8)-H(8) 123(2) 

C(7)-C(8)-H(8) 115(2) 

C(10)-C(9)-C(8) 118.09(19) 

C(10)-C(9)-C(12) 121.3(2) 

C(8)-C(9)-C(12) 120.6(2) 

C(9)-C(10)-C(11) 121.3(2) 

C(9)-C(10)-H(10) 114(2) 

C(11)-C(10)-H(10) 124(2) 

C(6)-C(11)-C(10) 119.4(2) 
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C(6)-C(11)-H(11) 122(2) 

C(10)-C(11)-H(11) 118(2) 

C(9)-C(12)-H(12A) 114(2) 

C(9)-C(12)-H(12B) 115(2) 

H(12A)-C(12)-H(12B) 106(3) 

C(9)-C(12)-H(14C) 117(3) 

H(12A)-C(12)-H(14C) 105(4) 

H(12B)-C(12)-H(14C) 99(4) 

C(18)-C(13)-C(14) 121.30(16) 

C(18)-C(13)-S(2) 119.51(14) 

C(14)-C(13)-S(2) 119.11(13) 

C(15)-C(14)-C(13) 118.91(17) 

C(15)-C(14)-H(14) 118.7(15) 

C(13)-C(14)-H(14) 122.3(15) 

C(14)-C(15)-C(16) 120.94(17) 

C(14)-C(15)-H(15) 115.4(15) 

C(16)-C(15)-H(15) 123.6(15) 

C(17)-C(16)-C(15) 118.89(17) 

C(17)-C(16)-C(19) 120.61(19) 

C(15)-C(16)-C(19) 120.45(19) 

C(18)-C(17)-C(16) 121.01(17) 

C(18)-C(17)-H(17) 119.8(14) 

C(16)-C(17)-H(17) 119.2(14) 

C(17)-C(18)-C(13) 118.89(17) 

C(17)-C(18)-H(18) 120.2(14) 

C(13)-C(18)-H(18) 120.9(14) 

C(16)-C(19)-H(19A) 110(2) 

C(16)-C(19)-H(19B) 111.0(18) 

H(19A)-C(19)-H(19B) 107(3) 

C(16)-C(19)-H(19C) 111.4(16) 

H(19A)-C(19)-H(19C) 110(3) 

H(19B)-C(19)-H(19C) 108(2) 

C(25)-C(20)-C(21) 121.43(15) 

C(25)-C(20)-S(3) 119.12(13) 

C(21)-C(20)-S(3) 119.39(12) 

C(22)-C(21)-C(20) 118.39(16) 

C(22)-C(21)-H(21) 121.0(15) 

C(20)-C(21)-H(21) 120.6(15) 

C(21)-C(22)-C(23) 121.36(17) 

C(21)-C(22)-H(22) 118.8(15) 

C(23)-C(22)-H(22) 119.8(15) 

C(22)-C(23)-C(24) 118.96(16) 

C(22)-C(23)-C(26) 120.32(19) 

C(24)-C(23)-C(26) 120.65(19) 

C(25)-C(24)-C(23) 120.99(17) 

C(25)-C(24)-H(24) 118.1(14) 
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C(23)-C(24)-H(24) 120.9(14) 

C(24)-C(25)-C(20) 118.82(16) 

C(24)-C(25)-H(25) 119.8(13) 

C(20)-C(25)-H(25) 121.4(13) 

C(23)-C(26)-H(26A) 111.5(19) 

C(23)-C(26)-H(26B) 111(2) 

H(26A)-C(26)-H(26B) 112(3) 

C(23)-C(26)-H(26C) 106.1(18) 

H(26A)-C(26)-H(26C) 113(3) 

H(26B)-C(26)-H(26C) 103(3) 

Symmetry transformations used to generate equivalent atoms:  
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Table F.4. Anisotropic displacement parameters  (Å2x 103) for mo_dt21_0m.  The 

anisotropic displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k 

a* b* U12 ] 

 U11 U22  U33 U23 U13 U12 

S(1) 16(1)  21(1) 12(1)  4(1) 7(1)  1(1) 

S(2) 19(1)  28(1) 13(1)  1(1) 0(1)  -4(1) 

S(3) 12(1)  15(1) 10(1)  -1(1) 3(1)  2(1) 

O(1) 17(1)  19(1) 10(1)  0(1) 6(1)  -3(1) 

O(2) 24(1)  37(1) 11(1)  1(1) 5(1)  3(1) 

O(3) 25(1)  22(1) 26(1)  9(1) 11(1)  2(1) 

O(4) 16(1)  30(1) 10(1)  -2(1) -1(1)  3(1) 

O(5) 19(1)  50(1) 20(1)  -2(1) -3(1)  -2(1) 

O(6) 37(1)  30(1) 24(1)  5(1) 1(1)  -12(1) 

O(7) 14(1)  14(1) 12(1)  -1(1) 1(1)  1(1) 

O(8) 20(1)  17(1) 16(1)  -1(1) 4(1)  5(1) 

O(9) 13(1)  23(1) 16(1)  0(1) 5(1)  -1(1) 

C(1) 12(1)  14(1) 10(1)  1(1) 4(1)  -1(1) 

C(2) 15(1)  14(1) 18(1)  4(1) 4(1)  1(1) 

C(3) 13(1)  15(1) 10(1)  -1(1) 4(1)  -2(1) 

C(4) 12(1)  24(1) 10(1)  0(1) 2(1)  1(1) 

C(5) 13(1)  13(1) 12(1)  1(1) 3(1)  0(1) 

C(6) 15(1)  24(1) 14(1)  3(1) 6(1)  -1(1) 

C(7) 24(1)  29(1) 73(2)  -13(1) -4(1)  -3(1) 

C(8) 25(1)  43(1) 81(2)  -14(1) -11(1)  -9(1) 

C(9) 17(1)  49(1) 20(1)  7(1) 8(1)  -1(1) 

C(10) 31(1)  39(1) 38(1)  -4(1) -4(1)  14(1) 

C(11) 30(1)  31(1) 38(1)  -11(1) -8(1)  7(1) 

C(12) 17(1)  73(2) 34(1)  11(1) 4(1)  3(1) 

C(13) 21(1)  21(1) 10(1)  -1(1) -1(1)  0(1) 

C(14) 24(1)  22(1) 18(1)  1(1) 0(1)  4(1) 

C(15) 27(1)  28(1) 16(1)  6(1) -2(1)  0(1) 

C(16) 22(1)  38(1) 11(1)  -2(1) -1(1)  0(1) 

C(17) 28(1)  32(1) 20(1)  -6(1) -1(1)  9(1) 

C(18) 30(1)  21(1) 17(1)  1(1) -2(1)  5(1) 

C(19) 30(1)  68(2) 17(1)  -3(1) 5(1)  -1(1) 

C(20) 15(1)  18(1) 9(1)  0(1) 3(1)  5(1) 

C(21) 21(1)  18(1) 13(1)  1(1) 1(1)  1(1) 

C(22) 32(1)  20(1) 14(1)  -3(1) 1(1)  6(1) 

C(23) 30(1)  30(1) 12(1)  2(1) 6(1)  11(1) 

C(24) 25(1)  26(1) 17(1)  6(1) 9(1)  4(1) 

C(25) 19(1)  18(1) 16(1)  2(1) 4(1)  2(1) 

C(26) 56(2)  42(1) 19(1)  -3(1) 19(1)  9(1) 
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Table F.5. Hydrogen coordinates ( x 104) and isotropic  displacement parameters  

(Å2 x 103) for mo_dt21_0m. 

 x  y  z  U(eq) 

H(2A) 8463(13) 12250(40) -112(9) 29(6) 

H(2B) 7989(11) 11940(40) 377(9) 18(5) 

H(2C) 7644(12) 11770(40) -165(9) 22(5) 

H(3A) 7794(11) 5920(40) 317(8) 14(5) 

H(3B) 7187(12) 7710(30) 144(8) 16(5) 

H(4A) 8686(12) 8780(40) -691(8) 16(5) 

H(4B) 8403(11) 6370(30) -513(8) 11(4) 

H(5A) 9424(11) 9260(30) 107(8) 10(4) 

H(5B) 9020(10) 9350(30) 655(7) 6(4) 

H(7) 6056(18) 4460(60) 709(13) 67(10) 

H(8) 4820(20) 5240(70) 412(14) 80(11) 

H(10) 4970(20) 11660(60) 914(14) 73(10) 

H(11) 6221(18) 10960(60) 1210(13) 60(9) 

H(12A) 3640(20) 8440(70) 648(15) 77(11) 

H(12B) 3860(20) 8620(70) 128(17) 82(12) 

H(14) 7598(13) 10150(40) -1948(9) 28(6) 

H(14C) 3830(30) 10640(90) 430(20) 116(16) 

H(15) 8361(13) 10710(40) -2598(9) 30(6) 

H(17) 9293(13) 4340(40) -2311(9) 32(6) 

H(18) 8503(13) 3950(40) -1615(9) 28(6) 

H(19A) 9090(20) 7170(60) -3287(15) 77(11) 

H(19B) 9481(18) 9420(60) -3081(12) 59(9) 

H(19C) 9823(15) 6910(40) -2958(10) 37(7) 

H(21) 10066(13) 9350(40) 1435(9) 30(6) 

H(22) 9563(13) 10440(40) 2200(9) 30(6) 

H(24) 8450(13) 4410(40) 2248(9) 29(6) 

H(25) 8935(12) 3370(40) 1473(8) 20(5) 

H(26A) 8307(17) 7170(60) 2926(12) 58(9) 

H(26B) 8254(19) 9770(60) 2699(14) 69(10) 

H(26C) 8954(16) 8930(50) 2997(11) 39(7) 
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Table F.6. Torsion angles [°] for mo_dt21_0m. 

O(2)-S(1)-O(1)-C(3) 176.39(11) 

O(3)-S(1)-O(1)-C(3) 45.97(13) 

C(6)-S(1)-O(1)-C(3) -69.38(12) 

O(5)-S(2)-O(4)-C(4) 179.13(12) 

O(6)-S(2)-O(4)-C(4) 50.36(13) 

C(13)-S(2)-O(4)-C(4) -66.09(13) 

O(8)-S(3)-O(7)-C(5) -175.74(10) 

O(9)-S(3)-O(7)-C(5) -46.34(12) 

C(20)-S(3)-O(7)-C(5) 69.18(12) 

S(1)-O(1)-C(3)-C(1) -173.37(10) 

C(5)-C(1)-C(3)-O(1) 58.99(16) 

C(4)-C(1)-C(3)-O(1) 177.59(12) 

C(2)-C(1)-C(3)-O(1) -59.63(16) 

S(2)-O(4)-C(4)-C(1) -150.41(11) 

C(5)-C(1)-C(4)-O(4) -176.46(12) 

C(3)-C(1)-C(4)-O(4) 62.98(16) 

C(2)-C(1)-C(4)-O(4) -59.38(16) 

S(3)-O(7)-C(5)-C(1) -166.20(10) 

C(3)-C(1)-C(5)-O(7) 51.73(16) 

C(4)-C(1)-C(5)-O(7) -67.17(15) 

C(2)-C(1)-C(5)-O(7) 172.74(12) 

O(2)-S(1)-C(6)-C(7) -140.69(18) 

O(3)-S(1)-C(6)-C(7) -7.6(2) 

O(1)-S(1)-C(6)-C(7) 108.43(18) 

O(2)-S(1)-C(6)-C(11) 37.12(18) 

O(3)-S(1)-C(6)-C(11) 170.18(16) 

O(1)-S(1)-C(6)-C(11) -73.76(17) 

C(11)-C(6)-C(7)-C(8) 0.0(4) 

S(1)-C(6)-C(7)-C(8) 177.8(2) 

C(6)-C(7)-C(8)-C(9) 0.5(5) 

C(7)-C(8)-C(9)-C(10) -1.1(4) 

C(7)-C(8)-C(9)-C(12) 179.2(3) 

C(8)-C(9)-C(10)-C(11) 1.1(4) 

C(12)-C(9)-C(10)-C(11) -179.1(2) 

C(7)-C(6)-C(11)-C(10) 0.1(3) 

S(1)-C(6)-C(11)-C(10) -177.74(18) 

C(9)-C(10)-C(11)-C(6) -0.6(4) 

O(5)-S(2)-C(13)-C(18) -138.28(14) 

O(6)-S(2)-C(13)-C(18) -5.96(16) 

O(4)-S(2)-C(13)-C(18) 110.95(14) 

O(5)-S(2)-C(13)-C(14) 38.47(16) 

O(6)-S(2)-C(13)-C(14) 170.79(14) 

O(4)-S(2)-C(13)-C(14) -72.31(15) 

C(18)-C(13)-C(14)-C(15) 1.5(3) 

S(2)-C(13)-C(14)-C(15) -175.14(14) 
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C(13)-C(14)-C(15)-C(16) 0.7(3) 

C(14)-C(15)-C(16)-C(17) -2.4(3) 

C(14)-C(15)-C(16)-C(19) 175.06(18) 

C(15)-C(16)-C(17)-C(18) 2.0(3) 

C(19)-C(16)-C(17)-C(18) -175.46(18) 

C(16)-C(17)-C(18)-C(13) 0.1(3) 

C(14)-C(13)-C(18)-C(17) -1.9(3) 

S(2)-C(13)-C(18)-C(17) 174.74(14) 

O(8)-S(3)-C(20)-C(25) -30.37(15) 

O(9)-S(3)-C(20)-C(25) -163.57(13) 

O(7)-S(3)-C(20)-C(25) 80.47(14) 

O(8)-S(3)-C(20)-C(21) 152.39(13) 

O(9)-S(3)-C(20)-C(21) 19.20(15) 

O(7)-S(3)-C(20)-C(21) -96.76(13) 

C(25)-C(20)-C(21)-C(22) -1.3(2) 

S(3)-C(20)-C(21)-C(22) 175.86(13) 

C(20)-C(21)-C(22)-C(23) -0.1(3) 

C(21)-C(22)-C(23)-C(24) 2.1(3) 

C(21)-C(22)-C(23)-C(26) -174.95(19) 

C(22)-C(23)-C(24)-C(25) -2.6(3) 

C(26)-C(23)-C(24)-C(25) 174.42(19) 

C(23)-C(24)-C(25)-C(20) 1.2(3) 

C(21)-C(20)-C(25)-C(24) 0.8(2) 

S(3)-C(20)-C(25)-C(24) -176.38(13) 

Symmetry transformations used to generate equivalent atoms:  
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Crystal data for RCp2Mo2(CO)6 [R = 1-(cyclopentadienyl)-2-phenyl-ethane] 

  

This crystal structure was grown of a molybdenum dimer.  This molecule was 

synthesized (Figure F.3) to eventually add a chromium tricarbonyl group to the phenyl 

moiety (Figure F.4).  The purpose of this synthesis was two-fold; 1) to practice the 

thermal cracking of a Cp ligand in the presence of Mo(CO)6 to form a dimer, and 2) to 

form a novel organometallic complex to study. 

 

 

Figure F.3. Synthesis of the RCp2Mo2(CO)6 dimer [R = 1-(cyclopentadienyl)-2-phenyl-

ethane]. 
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Figure F.4.  Intended synthesis of a BzCr(CO)3 appended molybdenum dimer complex. 

 

 

 

Figure F.5.  Chemdraw sketch of molybdenum complex next to the crystal structure 

ORTEP. 
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Table F.7. Crystal and structure refinement for RCp2Mo2(CO)6 [R = 1-

(cyclopentadienyl)-2-phenyl-ethane] (internal ID# cu_dt43_0m_a) 

Identification code  cu_dt43_0m_a 

Empirical formula  C32 H26 Mo2 O6 

Formula weight  698.41 

Temperature  173(2) K 

Wavelength  1.54178 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 8.0509(3) Å a= 77.318(3)°. 

 b = 9.6353(4) Å b= 83.594(3)°. 

 c = 9.9474(4) Å g = 66.492(2)°. 

Volume 690.09(5) Å3 

Z 1 

Density (calculated) 1.681 Mg/m3 

Absorption coefficient 7.813 mm-1 

F(000) 350 

Crystal size 0.070 x 0.050 x 0.030 mm3 

Theta range for data collection 4.558 to 66.687°. 

Index ranges -9<=h<=9, -11<=k<=11, -11<=l<=11 

Reflections collected 7868 

Independent reflections 2439 [R(int) = 0.0411] 

Completeness to theta = 66.687° 99.5 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7528 and 0.6036 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2439 / 0 / 233 

Goodness-of-fit on F2 1.089 

Final R indices [I>2sigma(I)] R1 = 0.0258, wR2 = 0.0660 

R indices (all data) R1 = 0.0286, wR2 = 0.0675 

Extinction coefficient n/a 

Largest diff. peak and hole 0.473 and -0.362 e.Å-3 
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Table F.8. Atomic coordinates and equivalent isotropic displacement parameters for 

RCp2Mo2(CO)6 [R = 1-(cyclopentadienyl)-2-phenyl-ethane]. U(eq) is defined as one third 

of the trace of the orthogonalized Uij tensor. 

________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________  

Mo(1) 4896(1) 8372(1) 788(1) 26(1) 

O(1) 8999(3) 7877(3) 646(3) 46(1) 

O(2) 6820(3) 5222(3) -146(3) 48(1) 

O(3) 3533(4) 9004(3) -2178(3) 51(1) 

C(1) 7468(4) 8149(3) 653(3) 33(1) 

C(2) 6128(4) 6387(4) 190(4) 35(1) 

C(3) 4082(4) 8859(4) -1117(4) 36(1) 

C(4) 4285(5) 6947(4) 2839(3) 36(1) 

C(5) 2760(5) 7512(4) 1978(4) 38(1) 

C(6) 2005(4) 9129(4) 1811(4) 35(1) 

C(7) 3024(4) 9572(4) 2577(3) 34(1) 

C(8) 4425(4) 8237(4) 3236(3) 33(1) 

C(9) 5676(5) 8165(4) 4286(4) 38(1) 

C(10) 7477(6) 6810(5) 4403(5) 52(1) 

C(11) 8711(4) 6892(4) 5398(4) 40(1) 

C(12) 8763(5) 6146(4) 6753(4) 38(1) 

C(13) 9893(5) 6213(4) 7657(4) 41(1) 

C(14) 10968(5) 7029(4) 7233(4) 44(1) 

C(15) 10915(5) 7796(5) 5912(5) 55(1) 

C(16) 9786(5) 7736(5) 4989(4) 52(1) 
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Table F.9.   Bond lengths [Å] and angles [°] for  cu_dt43_0m_a. 

Mo(1)-C(2)  1.963(3) 

Mo(1)-C(3)  1.969(4) 

Mo(1)-C(1)  1.987(3) 

Mo(1)-C(5)  2.302(3) 

Mo(1)-C(4)  2.319(3) 

Mo(1)-C(6)  2.330(3) 

Mo(1)-C(7)  2.386(3) 

Mo(1)-C(8)  2.405(3) 

O(1)-C(1)  1.152(4) 

O(2)-C(2)  1.143(4) 

O(3)-C(3)  1.149(4) 

C(4)-C(5)  1.427(5) 

C(4)-C(8)  1.432(4) 

C(4)-H(4)  0.97(3) 

C(5)-C(6)  1.406(5) 

C(5)-H(5)  0.99(4) 

C(6)-C(7)  1.414(5) 

C(6)-H(6)  0.83(3) 

C(7)-C(8)  1.412(5) 

C(7)-H(7)  0.91(3) 

C(8)-C(9)  1.502(5) 

C(9)-C(10)  1.510(5) 

C(9)-H(9A)  0.96(5) 

C(9)-H(9B)  0.99(4) 

C(10)-C(11)  1.513(5) 

C(10)-H(10A)  1.17(5) 

C(10)-H(10B)  0.84(6) 

C(11)-C(12)  1.377(5) 

C(11)-C(16)  1.383(5) 

C(12)-C(13)  1.377(5) 

C(12)-H(12)  0.82(4) 

C(13)-C(14)  1.364(5) 

C(13)-H(13)  0.68(4) 

C(14)-C(15)  1.354(6) 

C(14)-H(14)  0.80(3) 

C(15)-C(16)  1.388(6) 

C(15)-H(15)  0.76(4) 

C(16)-H(16)  0.95(4) 

C(2)-Mo(1)-C(3) 77.55(14) 

C(2)-Mo(1)-C(1) 78.00(12) 

C(3)-Mo(1)-C(1) 106.52(13) 

C(2)-Mo(1)-C(5) 89.79(13) 

C(3)-Mo(1)-C(5) 101.03(13) 

C(1)-Mo(1)-C(5) 146.43(14) 

C(2)-Mo(1)-C(4) 85.72(13) 
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C(3)-Mo(1)-C(4) 134.22(12) 

C(1)-Mo(1)-C(4) 111.18(13) 

C(5)-Mo(1)-C(4) 35.96(12) 

C(2)-Mo(1)-C(6) 123.14(12) 

C(3)-Mo(1)-C(6) 95.86(13) 

C(1)-Mo(1)-C(6) 152.60(13) 

C(5)-Mo(1)-C(6) 35.35(12) 

C(4)-Mo(1)-C(6) 58.96(12) 

C(2)-Mo(1)-C(7) 143.41(12) 

C(3)-Mo(1)-C(7) 122.66(13) 

C(1)-Mo(1)-C(7) 117.75(12) 

C(5)-Mo(1)-C(7) 58.34(12) 

C(4)-Mo(1)-C(7) 58.09(11) 

C(6)-Mo(1)-C(7) 34.87(11) 

C(2)-Mo(1)-C(8) 115.71(13) 

C(3)-Mo(1)-C(8) 153.95(12) 

C(1)-Mo(1)-C(8) 98.42(12) 

C(5)-Mo(1)-C(8) 58.85(11) 

C(4)-Mo(1)-C(8) 35.23(11) 

C(6)-Mo(1)-C(8) 58.10(12) 

C(7)-Mo(1)-C(8) 34.29(11) 

O(1)-C(1)-Mo(1) 173.4(3) 

O(2)-C(2)-Mo(1) 178.7(3) 

O(3)-C(3)-Mo(1) 171.8(3) 

C(5)-C(4)-C(8) 108.1(3) 

C(5)-C(4)-Mo(1) 71.37(19) 

C(8)-C(4)-Mo(1) 75.67(19) 

C(5)-C(4)-H(4) 127.4(19) 

C(8)-C(4)-H(4) 124.4(19) 

Mo(1)-C(4)-H(4) 122(2) 

C(6)-C(5)-C(4) 107.7(3) 

C(6)-C(5)-Mo(1) 73.41(18) 

C(4)-C(5)-Mo(1) 72.67(18) 

C(6)-C(5)-H(5) 125(2) 

C(4)-C(5)-H(5) 127(2) 

Mo(1)-C(5)-H(5) 117(2) 

C(5)-C(6)-C(7) 108.3(3) 

C(5)-C(6)-Mo(1) 71.24(18) 

C(7)-C(6)-Mo(1) 74.74(18) 

C(5)-C(6)-H(6) 129(2) 

C(7)-C(6)-H(6) 123(2) 

Mo(1)-C(6)-H(6) 118(2) 

C(8)-C(7)-C(6) 108.9(3) 

C(8)-C(7)-Mo(1) 73.60(18) 

C(6)-C(7)-Mo(1) 70.39(18) 

C(8)-C(7)-H(7) 128(2) 
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C(6)-C(7)-H(7) 123(2) 

Mo(1)-C(7)-H(7) 121(2) 

C(7)-C(8)-C(4) 106.9(3) 

C(7)-C(8)-C(9) 126.5(3) 

C(4)-C(8)-C(9) 126.3(3) 

C(7)-C(8)-Mo(1) 72.12(18) 

C(4)-C(8)-Mo(1) 69.10(18) 

C(9)-C(8)-Mo(1) 129.4(2) 

C(8)-C(9)-C(10) 115.8(3) 

C(8)-C(9)-H(9A) 117(2) 

C(10)-C(9)-H(9A) 101(3) 

C(8)-C(9)-H(9B) 109(2) 

C(10)-C(9)-H(9B) 109.6(19) 

H(9A)-C(9)-H(9B) 104(3) 

C(9)-C(10)-C(11) 112.5(3) 

C(9)-C(10)-H(10A) 110(2) 

C(11)-C(10)-H(10A) 105(2) 

C(9)-C(10)-H(10B) 114(4) 

C(11)-C(10)-H(10B) 114(4) 

H(10A)-C(10)-H(10B) 100(5) 

C(12)-C(11)-C(16) 118.1(3) 

C(12)-C(11)-C(10) 120.4(4) 

C(16)-C(11)-C(10) 121.4(4) 

C(13)-C(12)-C(11) 120.5(3) 

C(13)-C(12)-H(12) 124(3) 

C(11)-C(12)-H(12) 116(3) 

C(14)-C(13)-C(12) 120.7(4) 

C(14)-C(13)-H(13) 121(3) 

C(12)-C(13)-H(13) 119(3) 

C(15)-C(14)-C(13) 119.9(4) 

C(15)-C(14)-H(14) 115(3) 

C(13)-C(14)-H(14) 125(3) 

C(14)-C(15)-C(16) 120.0(4) 

C(14)-C(15)-H(15) 121(4) 

C(16)-C(15)-H(15) 119(4) 

C(11)-C(16)-C(15) 120.8(4) 

C(11)-C(16)-H(16) 118(2) 

C(15)-C(16)-H(16) 121(2) 

Symmetry transformations used to generate equivalent atoms:  
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Table F.10. Anisotropic displacement parameters  (Å2x 103) for cu_dt43_0m_a.  The 

anisotropic displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k 

a* b* U12 ] 

________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

________________________________________________________________________  

Mo(1) 27(1)  29(1) 29(1)  -9(1) 1(1)  -15(1) 

O(1) 31(1)  51(1) 58(2)  -8(1) -7(1)  -18(1) 

O(2) 50(1)  39(1) 61(2)  -22(1) 5(1)  -18(1) 

O(3) 70(2)  60(2) 39(2)  -8(1) -12(1)  -39(2) 

C(1) 36(2)  33(2) 33(2)  -8(1) -1(1)  -16(1) 

C(2) 34(2)  36(2) 41(2)  -11(2) 2(1)  -20(1) 

C(3) 38(2)  40(2) 39(2)  -14(2) 2(2)  -23(2) 

C(4) 41(2)  37(2) 31(2)  -6(1) 5(1)  -18(2) 

C(5) 41(2)  47(2) 38(2)  -9(2) 7(2)  -30(2) 

C(6) 24(2)  46(2) 35(2)  -7(2) 3(1)  -13(2) 

C(7) 32(2)  33(2) 34(2)  -7(1) 6(1)  -11(1) 

C(8) 33(2)  36(2) 31(2)  -11(1) 5(1)  -13(1) 

C(9) 43(2)  37(2) 32(2)  -12(2) 3(2)  -13(2) 

C(10) 50(2)  50(2) 46(2)  -19(2) -14(2)  -2(2) 

C(11) 38(2)  38(2) 35(2)  -12(2) -2(2)  -4(2) 

C(12) 41(2)  35(2) 40(2)  -6(2) -4(2)  -15(2) 

C(13) 46(2)  36(2) 32(2)  -2(2) -6(2)  -9(2) 

C(14) 36(2)  45(2) 53(2)  -12(2) -8(2)  -15(2) 

C(15) 41(2)  55(2) 69(3)  -2(2) 9(2)  -26(2) 

C(16) 45(2)  59(2) 39(2)  2(2) 8(2)  -16(2) 
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Table F.11. Hydrogen coordinates ( x 104) and isotropic  displacement parameters 

(Å2 x 103) for cu_dt43_0m_a. 

________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________  

H(4) 5060(40) 5880(40) 3170(30) 31(9) 

H(5) 2340(50) 6890(40) 1530(40) 48(11) 

H(6) 1150(40) 9760(40) 1330(30) 22(8) 

H(7) 2790(40) 10580(40) 2600(30) 32(9) 

H(9A) 5250(60) 8080(50) 5230(50) 66(13) 

H(9B) 5880(40) 9140(40) 4090(40) 36(9) 

H(10A) 7260(60) 5660(50) 4850(50) 67(13) 

H(10B) 7980(80) 6610(70) 3640(60) 110(20) 

H(12) 8130(50) 5640(50) 6960(40) 52(12) 

H(13) 9940(50) 5800(40) 8310(40) 33(11) 

H(14) 11690(50) 7070(40) 7700(40) 35(10) 

H(15) 11480(60) 8280(50) 5670(50) 68(15) 

H(16) 9780(50) 8220(40) 4040(40) 48(11) 

________________________________________________________________________
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 Table F.12.  Torsion angles [°] for cu_dt43_0m_a. 

________________________________________________________________  

C(8)-C(4)-C(5)-C(6) 1.8(4) 

Mo(1)-C(4)-C(5)-C(6) -65.6(2) 

C(8)-C(4)-C(5)-Mo(1) 67.4(2) 

C(4)-C(5)-C(6)-C(7) -1.0(4) 

Mo(1)-C(5)-C(6)-C(7) -66.1(2) 

C(4)-C(5)-C(6)-Mo(1) 65.1(2) 

C(5)-C(6)-C(7)-C(8) -0.1(4) 

Mo(1)-C(6)-C(7)-C(8) -63.9(2) 

C(5)-C(6)-C(7)-Mo(1) 63.8(2) 

C(6)-C(7)-C(8)-C(4) 1.2(3) 

Mo(1)-C(7)-C(8)-C(4) -60.7(2) 

C(6)-C(7)-C(8)-C(9) -171.9(3) 

Mo(1)-C(7)-C(8)-C(9) 126.2(3) 

C(6)-C(7)-C(8)-Mo(1) 61.9(2) 

C(5)-C(4)-C(8)-C(7) -1.8(3) 

Mo(1)-C(4)-C(8)-C(7) 62.7(2) 

C(5)-C(4)-C(8)-C(9) 171.3(3) 

Mo(1)-C(4)-C(8)-C(9) -124.2(3) 

C(5)-C(4)-C(8)-Mo(1) -64.5(2) 

C(7)-C(8)-C(9)-C(10) -155.8(3) 

C(4)-C(8)-C(9)-C(10) 32.3(5) 

Mo(1)-C(8)-C(9)-C(10) -59.3(4) 

C(8)-C(9)-C(10)-C(11) 175.4(3) 

C(9)-C(10)-C(11)-C(12) 94.5(4) 

C(9)-C(10)-C(11)-C(16) -84.1(5) 

C(16)-C(11)-C(12)-C(13) -1.7(5) 

C(10)-C(11)-C(12)-C(13) 179.6(3) 

C(11)-C(12)-C(13)-C(14) 0.7(5) 

C(12)-C(13)-C(14)-C(15) 0.6(6) 

C(13)-C(14)-C(15)-C(16) -0.7(6) 

C(12)-C(11)-C(16)-C(15) 1.5(5) 

C(10)-C(11)-C(16)-C(15) -179.8(4) 

C(14)-C(15)-C(16)-C(11) -0.3(6) 

________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  
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