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Resonance Raman spectra of fwmethoxybenzyltrialkylsilanes (alkyt methyl and ethyl) have been obtained

both as their neutral charge-transfer complexes with tetracyanoethylene in steady-state cw experiments and

as their radical cations via two-color pumprobe transient measurements. The ground-state charge-transfer
resonant spectra exhibit intensity predominantly in phenyl-localized modes, suggesting that vertical excitation
to the contact ion-pair state involves little participation of the bond that is known to undergo subsequent

nucleophile-assisted cleavage in the separated radical cation. Quantitative modeling of the absolute cross
sections for the methyl compound is used to determine the mode-specific reorganization energies accompanying
vertical electron transfer. Transient spectra of the relaxed radical cations show more than 20 resonance-

enhanced modes, several of which have significant contributions from-tt& &retching coordinate based

on frequency shifts between the natural abundance and b&azidbeled methyl compounds. These modes
with significant benzyl C-Si stretching character are considerably lower in frequency in the radical cation
than in the neutral, indicating weakening of this bond upon oxidation. The experimental frequencies are
reproduced quite well by density functional theory calculations at the B3LYP/6-31g(d,p) level which give a
C—Si bond length increase of 0.10 A upon oxidation.

Introduction the subject of a large number of investigations. A particularly
seful reaction of an organic radical ion is fragmentation to form

The use of resonance Raman spectroscopy as a probe Og neutral radical and an anion or cation (which may be a proton),

structural changes in electronically excited molecules has long since these are catalytic species that may find use in a wide

been establishetf A variety of recent studleg have employed variety of applications. Traditionally, these reactions have been
resonance Raman intensity analysis to elucidate the structural

8 studied using product analysis, quantum efficiency and absolute
changes caused by electron transfer in both noncovalent charge gp ysis, d y

i ter (CT | d lent t having CT rate measurements, and, in some cases, thermodynamic mea-
ransfer (CT) complexes and covalent systems having surements. In principle, vibrational spectroscopy should also

electronic transition3.Both vibrational mode-specific reorga- dbe very informative in studies of bond-breaking processes.

hization energies and, in some cases, extrapolated relaxe_ Although vibrational spectra of a number of organic radical ions

geolmtfemgs of the |on-pelilrhstages h‘?’? b(ien gbtatt|nedd£hThe ma';have been measured, both in low-temperature matrieesd
goalor this previous work has been {o test and extend the currenty, temperature solutioris!3 to the best of our knowledge

theories for electron transfer rates, and efforts have been madeno studies have been performed on radical ions that actually
to completely describe all of the radiative and nonradiative undergo efficient fragmentation or any other useful chemical
proces,,’ses associated with electron t_ranfs,fer using a “unified reaction. The main idea behind this work, then, is to apply the
theory” and acommpn set of reorganization parameters. . resonance Raman spectroscopic methodologies for charge-
The most appropriate systems for such fundamental studiesygnsfer states discussed above to useful chemically reacting
of electron transfer theories are essentially unreactive Chem'ca"y-systems.
However, in many applications of photoinduced electron “thg systems chosen for study are the radical cations of the
transfer, utilization of the chemical potential energy of the ion- benzyltrialkylsilanesl and 2:
pair state to initiate a useful chemical reaction is the ultimate
goal. Electron transfer in neutral organic molecules results in X\ _ 1: R=CH;: X = %CH,
the formation of radical anions and radical cations. The reactions SiRg 1aR = CH.: X = 3¢H
of photochemically produced organic radical ions have been ¥ :

2: R= CHyCHy ; X = 2CH,
MeO
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excitation of a charge-transfer complex is the “same” species Charge-transfer complexes bf 13 and2 with TCNE were
that undergoes the subsequent reaction. Direct excitation of amade by mixing solutions of the donor and acceptor in
charge-transfer absorption is expected to involve primarily the spectroscopic grade dichloromethane. The absorption spectra
molecular orbitals on the aromatic ring; does this phenyl- consist of two broad bands centered near 400 and 620 nm.
centered ion radical then evolve to a species having more Neither band is present in the donor or acceptor alone and so
positive charge on the Si through an electronic radiationless both presumably correspond to charge-transfer excitations, but
transition and/or vibrational or solvent relaxation? we have made no effort to characterize the bluer absorption
We address this question by carrying out resonance Ramanband. In this study, the 620 nm transition was excited exclu-
studies of two different types. In the first experiment, an electron sively; due to the large energy spacing and the lower intensity
donor D (one of the silanes of interest) and an electron acceptorof the higher-energy transitions, contributions from the higher-
A (tetracyanoethylene, TCNE) form a ground-state complex, energy state to the Raman enhancement are considered to be
DA. Photoexcitation of the charge-transfer (CT) absorption band negligible2?® The BenestHildebrand methot26 was used to
of the complex corresponds to electron transfer from donor to determine the equilibrium constaiitq and molar absorptivity
acceptor-that is, the excited electronic state of the complex is ¢ for the longer-wavelength absorption band of th&CNE
the radical ion pair, B'/A*~. The CT-resonant Raman spectrum complex. Solutions were prepared at excess donor concentrations
therefore exhibits the frequencies of the neutral DA complex, of 33—199 mM and a constant acceptor concentration of 1.5
but intensities that depend on the differences in potential energymM. Absorption spectra were measured on a Perkin-Elmer
surfaces between DA and the vertically excited ion pairf,/D  Lambda 19 UV-vis spectrophotometenia 1 cmpath length
A*". A recent review summarizes related studies on both CT cell thermostated at 2. The ratio [TCNEJA, where [TCNE}
complexes and covalently bonded doracceptor molecules. s the initial (stoichiometric) TCNE concentration aAds the
The separated, vibrationally relaxed radical ions could, however, ghsorbance at the CT band maximum, was plotted versus the

have very different structures from the vertically excited charge- reciprocal donor concentration, 1/[D], and fit to the Beresi
transfer complex due to structural relaxation along anharmonic Hjldebrand equation:

coordinates, solvent reorganization, and/or conversion to a

different electronic state. Therefore, a second experiment directly [TCNE] 1 1 1
measures the vibrational frequencies of the relaxedradical — 0 —+= (1)
cation by pump-probe Raman spectroscopy on resonance with A Ke [D] €

a transient absorption of'D. While both ground-state resonance

Raman intensity analysis and pumprobe Raman spectroscopy This form of the equation is appropriate when the donor is in

of transient species are well-developed techniques, there exisarge excess and only 1:1 complexes are important. The
only a few examples (e.g. the State oftrans-stilbene}>2° possibility of 2:1 (DAD or DDA) complexes cannot be ruled
where both experiments have been performed on the sameout, but we observed no evidence for such complexes (e.g. the
molecule, and none, to our knowledge, where the product of absorption spectral band shapes appeared independent of donor
an electron-transfer reaction has been probed in both ways. concentration over a wide range).

The present work has several main goals. We wish to explore  Resonance Raman spectra of the charge-transfer complexes
the utility of vibrational spectroscopy in studies of the chemical were obtained using the general setup described previdu®ly
reactions of organic radical ions, and to extend the previous except that a backscattering geometry was employed with the
ground-state resonance Raman intensity analyses of chargerotating cell. Tunable excitation was provided by a CW argon-
transfer complexes by comparing data with purppobe Raman  pumped dye laser operating with either Rhodamine 590 or DCM
spectroscopic studies on the same system, thus obtainingyith about 20 mW of power at the sample. The solutions were
information regarding relaxation effects in an organic radical made to be 30 mM in both donor and acceptor, resulting in a
cation formed by photooxidation. Finally, the vibrational spectra final complex concentration of about 1 mM. Spectra of 30 mM
of the silanes are considerably more complex than those of theqonor alone and 30 mM acceptor alone in dichloromethane were
simpler unreactive systems studied previously by us, and gso0 measured to allow subtraction of the nonresonant Raman
assignment of the important features of the spectrum requiredpackground arising from the uncomplexed donor and acceptor
the use of electrqnic structure calculations, as described r.ecentlypresem in the solutions. Absorption spectra taken at the
by othersi?2! This work thus also adds to the comparisons peginning and the end of the Raman experiments were nearly
between experiment and theory in vibrational studies of charge- jjentical (often the absorbances increased slightly due to some

transfer systems. evaporation of the volatile solvent), indicating little or no
) _ photochemical degradation of the samples during ca. 60 min
Experimental and Computational Methods of data accumulation. The spectra were calibrated in frequency

Tetracyanoethylene was obtained from Aldrich and sublimed using known solvent I'mes as a reference. Intensities were
under vacuum three times before use. The sensitizer43t3 corrected for reabsorptlloln and. for the wavelength dependence
benzophenonetetracarboxylic dianhydride (BTDA), was obtained ‘?f the detector sensitivity using a quar_tz-halo_gen tungsten
from Aldrich and recrystallized several times from 10:1 benzene: filament lamp (Optronics model 245€j? Finally, integrated
acetic anhydride and vacuum-dried overnight. The sildresd band areas were determlned by subtracting a linear or q.uadlratlc
2 were synthesized via Grignard coupling using methods baseline ar_1d fitting regions of the spectra to sums of V0|gtI|n_e
described previousl¥:221awas synthesized in a similar fashion Shapes using the LabCalc or Origin software packages. Dis-
using 4-methoxybenzyl chloride witHC substitution at the  Played spectra have been spliced together using bands appearing
benzyl position as a starting material. GC-MS aiti NMR in both windows for normalization.
indicate an isotopic purity of 99%. The model compounds  Absolute cross sections were determined by using the 702/
benzyltrimethylsilane and 4-methylanisole were used as pur- 740 cnt! doublet of CHCI, as an internal standafdlhe cross
chased from Aldrich, and 4-ethylanisole was a gift from section for this doublet was in turn determined by measuring
Professor J. P. Dinnocenzo. its intensity (differential cross section at®9®oth polarizations)
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relative to that of the 802 cm line of cyclohexane and the
993 cn1! line of benzene as external standattias well as by
using the 802 cmt line of cyclohexane as an internal standard
in mixtures of equal volumes of GBI, and cyclohexane. While

the cross section of methylene chloride in cyclohexane is not
necessarily identical to that of neat methylene chloride, the
internal standard method has the advantage of eliminating errors
due to imperfect matching or positioning of the cuvettes and
drifts in laser power, and we observed no systematic differences
between the two methods.

Nonresonant Raman spectra of neat liquids were obtained
on the same instrument with the samples contained in stationary
glass capillaries. The samples were excited with the 514.5 nm
line from a CW argon ion laser. 400

600

Resonance Raman spectra of the radical cations I, and Wavelength (nm)
2 in acetonitrile were acquired using an electron-transfer Figure 1. Absorption spectra of complexes b{solid) and2 (dashed)
sensitization methotf-33Excitation of BTDA (ca. 20 mM) with with TCNE in methylene chloride. Arrows indicate Raman excitation
the third harmonic (355 nm, 0.26 mJ/pulse) of a Q-switched Wavelengths.
Nd:YAG laser (Spectra-Physics GCR 1580) results in
formation of the BTDA excited triplet state3BTDA*.34
Quenching of théBTDA* by the silanes occurs via diffusion- Figure 1 shows the absorption spectra of IhECNE and
controlled electron transfer to give a triplet BTDA radical anion/ 2:TCNE complexes. BenesHildebrand analysis of thi TCNE
silane radical cation pa#. As described previously, spin- complex in methylene chloride at 2& gives an equilibrium
forbidden return electron transfer within the triplet radical-ion constant ofKeq = [complex]{[donor][TCNE} = 1.1 £ 0.2
pair to regenerate neutral reactants is inefficient, and rapid M~* and a peak molar absorptivity ef= 1900+ 200 M™*
separation of the radical-ion pair occurs withinin ca. 5 ns in ¢m ' Estimated error limits are based on the reproducibility
acetonitrile to generate two separated noninteracting radical ions,0f the values among independent runs performed on different
each in a doublet spin staf2The Raman spectra of the silane days in somewhat different donor concentration ranges. For
radical cations were obtained using a nanosecond probe puls&omparison, Frey and co-workers repiég = 0.98+ 0.10 M™*
from the same laser (532 nm, 0.13 mJ/pulse, ca. 1 mm focused@nd € = 1350 £ 130 M™* cm™* for the related complex,
beam diameter), delayed by 35 ns. The excitation and probe4-methylanisole:TCNE in methylene chloride at 223

beams were recombined using a dichroic beam splitter and After dividing by the w* prefactor, the differential Raman
focused into the sample, contained in a stirred 1 cm fused silica 0SS section of the 702/740 cirdoublet of CHCI, was found

cuvette. Assuming a molar absorptivity of ca. 10 0001dm? to be constant to within experimental uncertainty between 457.9
for the silane radical cation, the energy density in the probe and 700 nm; that is, no preresonance enhancement was observed

pulse should be sufficient to excite a large fraction of the radical ic?f;he vigik?le frequency region. Our final average value for the
cations in the probed volume and substantially deplete the Ifterential cross section Is
ground-state radical cation population if its excited-state lifetime
is not short relative to the ca. 8 ns pulse duration. While we
cannot be certain that none of the features in our ptuprpbe
spectra arise from higher excited states or photoproducts, suc - d th i ion h ts Gf A
species are unlikely to be seen in the resonance Raman unles¥! lcm I, 1an 1t Teh resulting (lzross section I_as units |
they happen to have strong absorbances at the probe wavelength). otﬁ_cu e-sr- " ereNar(at at egsl,_t_ two prtltO r |tertaLL:lr;0\£?5ues
The Raman scattering was collected in backscattering geometry, 02r ISI crolsslsec lor][. 4823 cr:;gan Ippin dco . ﬂr1epor lue f
focused with a fused silica lens, and passed through a quart molecule” sr- & nm" compared with our value from
- . , eq 2 of 1.19x 10715 and Eysel and Bertie obtain (after
polarization scrambler before being dispersed by a Spex 500M . s ' ) A . f
0.5 m single-stage spectrograph. A holographic supernotch filterconvertlng their reported scattering activity into a differential
. i ' ; .~ cross section) 1.0% 1015 A2 molecule’! sr! at 514.5 nri°
(Kaiser Optical Systems) was used to reject scattered laser Ilght.Com ared with the ea 2 value of 956 10-16. The aareement
The Raman scattered light was detected with a Princeton P d : g

. . i . appears good, although it is not clear whether the previousl
Applied Research (PAR) 1461 intensified photodiode array rgplmoorted gross sectiong refer to the stronger 7O21¢im\eglone g

operating at approximately 30 °C. A PAR 1302 f"?‘St pulser or to the combined 702/740 crhdoublet as ours do.
was u§ed to gate f[he .de.tector (2(.) ns window) W'th, the probe The resonance Raman spectra obtained from the complexes
pulse in order to discriminate against fluorescence induced by of 1 and2 with TCNE are shown in Figures 2 and 3. Five lines
the pump pulse. clearly exhibit some degree of resonance enhancement in the
The resonance Raman and absorption spectra were modeled/TCNE spectrum relative to the pure donor and pure acceptor
using the time-dependent formalism described in detail else- spectra. The lines at 2227/2238 and 1554 teorrespond to
where?327 DFT calculations were performed using Gaussian vibrations of TCNE that are also resonance enhanced in the
9435 Geometry optimizations and frequency calculations were hexamethylbenzene/TCNE compihile the lines at 1604,
done with the B3LYP hybrid density functional and the 6-31g- 1211, and 1177 cnd correspond closely to nonresonant Raman
(d,p) basis set. ThE&C frequency shifts were calculated from lines of neatl and are assigned as resonance-enhanced donor-
the force constants obtained from the Gaussian 94 results usingocalized vibrations. The assignments of these donor vibrations
the processing utility Gar2pel. The normal modes were given in Table 1 are based on comparison with nonresonant
visualized using XMol 1.3.%7 Raman spectra of the model compounds benzyltrimethylsilane,

Absorbance

800

Results

(dU/dQ)IHEI =7.52x 10731 wsscatplaser (2)

hwherewscanand wiaserare the laser and scattered wavenumbers
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PR TABLE 1: Experimental and Calculated Resonance Raman
Intensities? of 1/TCNE Complex in CH,Cl;
, cross section
(A%moleculex 102

<
v
w

Complex & Raman
z . ahift 587nm  638nm 5
§ N (cm™) assignmelt  expt calc expt calc A (cmb°
£ 595" Si—(CHs)ssymstr 7.3 80 86 7.9 0445 59
Acceptor Alone 597 TCNE 73 8.0 8.6 8.0 0.445 59
1177 Ph9a 64 69 62 63 0.67 260
1211 PR-CH,str 14 21 32 19 0.36 78
i 1554 TCNE 270 280 220 240 1.05 860
! ! h . ! h . . . . . 1604 Ph8a 130 140 120 120 0.72 420
200 400 600 800 1000 1200 ‘ 1400 1600 1800 2000 2200 2227 TCNE 110 110 60 80 0485 260
Raman Shift (cm”) 2238 TCNE 15 15 e 11 0.18 36

Figure 2. Raman spectra of 30 m¥(top), 30 mM1 + 30 mM TCNE aQOther parameters used in fit: transition length= 0.595 A;
(middle), an_d SQ mM TCNE (bottom) in methylene chloride taken with  gactronic zero-zero enerd = 11 700 cnt’; inhomogeneous Gauss-
587 nm excitation (20 mW). Each spectrum is a sum of 30 accumula- j5n standard deviatiors 200 cntl: homogeneous fwhnf = 2500

tions of 120 s each. Labeled frequencies indicate resonance-enhance mL; line-shape parameter for Brownian oscillator solvent broadening

transitions of the donor/acceptor complex; strong lines are due 1o fnction « = 0.1. These values of and T’ correspond to a solvent
solvent.

reorganization energy of 2820 cf See refs 27 and 28 for explanation
of parameters? Phenyl-localized modes are denoted using the conven-

Donor Alone tion of Varsanyi*! ¢Reorganization energy given by = wA?2.
dIntensity of overlapping lines assigned to equal contributions from
near-degenerate donor and acceptor vibrations (see t&kb). ac-

A curately measurable after subtraction of the nonresonant contribution.
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/567
59
g
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1605
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3
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Figure 3. Raman spectra of 30 m®(top), 30 mM2 + 30 mM TCNE
(middle), and 30 mM TCNE (bottom) in methylene chloride with 638
nm excitation (20 mW). Each spectrum is a sum of 60 accumulations
of 60 s each. Labeled frequencies indicate resonance-enhanced transi§ 0.00
tions of the donor/acceptor complex; strong lines are due to solvent. <
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4-methylanisole, and 4-ethylanisole, published assignments for
4-methylanisolé! and our density functional calculations on

1. The two strongest donor-localized lines (1604 and 11772pm  Figure 4. Experimental absorption spectrum BTCNE complex in

shift by no more than 2 crt betweerl andlaand are clearly methylene chlorid_e (dashed) and spectrum calculated from parameters
assigned to ring modes having little or no contribution from Tom Table 1 (solid).

the Si—-CHj, stretch. The weaker 1211 ciband, which exhibits complexes, however, the resonance enhancement is minimal,
a large shift of 8 cmt in 1a, is assigned as principally the Ph with much of the intensity in th&/TCNE spectrum actually
CH, stretch. A significant contribution of SiCH, stretching arising from uncomplexed donor. For the purposes of spectral
to this normal mode seems to be ruled out by the observationmodeling, the intensity at 596 crhin the /TCNE spectrum

that not onlyl and2 but also 4-methylanisole and 4-ethylanisole, was assigned to equal contributions from a donor mode and an
which lack the silane group entirely, all show a fairly strong acceptor mode nearly degenerate in frequency.

nonresonant Raman line between 1203 and 1211lcihm The results of the Raman spectral modeling are compiled in
addition, a band is observed at 596 dnin the L/TCNE Table 1. The calculated resonance Raman intensities are very
spectrum. Both nedt and pure TCNE have Raman bands at similar at 587 and 638 nm, as expected in view of the
596 cnt! (it is the strongest Raman line in neBt while the comparable absorbances at these two wavelengths. The experi-
corresponding mode in ne& appears at 563 cmd. The mental intensities are also quite similar at both excitation

frequency and intensity of this line suggest that it should be frequencies with the exception of the 1211 and 2238'dimes;
assigned to €Si “symmetric stretching” by comparison with  we have no explanation for this discrepancy, and suspect that
previous assignments for trimethylvinylsilatte while our much or all of it may simply be experimental uncertainty in
density functional calculations suggest that the motion is these lines that show relatively weak resonance enhancement
predominantly stretching of SiCH; bonds with a smaller  and require subtraction of large nonresonant scattering contribu-
contribution from Si-CH, stretching. The resonance Raman tions from the uncomplexed donor and acceptor. The absorption
spectrum of the/TCNE complex, shown in Figure 3, exhibits  spectrum generated from the same parameters is compared with
bands of fairly comparable intensity at both 563 and 596'cm  the experimentally observed spectrum in Figure 4.

indicating that the 596 cmi feature in thel/TCNE complex The resonance Raman spectra of the radical catiohsld,

has contributions from both the silane and TCNE. In both and2 are presented in Figures 5 and 6. The nonresonant Raman
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natural abundance ©
> £ A L/\VJL >
‘B natural abundance ©
[y c
8 ] o
IS = “C labeled 3 s
—_ 2 /
“C labeled
. A . . . . . . X . . . ) A
200 400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1350
Raman Shift (cm™) Raman Shift (cm”)
Figure 5. Pump-probe resonance Raman spectra of 20 thifop) Figure 7. Nonresonant Raman spectra of néaand 1la taken with

and 20 mM1a (bottom) in acetonitrile solvent with 20 mM BTDA as ~ ©14.5 nm excitation. Frequencies shifted by more than 2*ampon
a cosensitizer. Displayed spectra have been pieced together from thredSOtopic substitution are labeled.

separate detection windows, each a sum of ten 60 s accumulations
Labeled frequencies indicate Raman lines of thadical cation that

are shifted by more than 2 crhupon isotopic substitution. Peaks

TABLE 2: Experimental Frequencies of Neutral and
Radical Cation Forms of 1 and 1&

marked S are due to nonresonant solvent scattering. neutral freq (cmt)° radical cation freq (cmt)°
natural abund BC natural abund C
Pump-Probe 431 429 426 423
593 588 496 493
660 655 565 559
742 735 739 729/741
819 817 866 863
841 837 975 971
- 1161 1152 1040 1033
5 1213 1205
c
L a All shifts greater than 2 cni are listed.” Nonresonant Raman,
= W neat.© Resonant Raman pumprobe in solution.
Probe Only

1 ] 1 1 1 1 1 L L
200 400 600 800 1000 1200 1400 1600 1800
Raman Shift (cm™)

Figure 6. Pump-probe (top) and probe-only (bottom) resonance

Raman spectra of 20 miglin acetonitrile solvent with 20 mM BTDA

as a cosensitizer. Displayed spectra have been pieced together from

three separate detection windows, each a sum of ten 60 s accumulations.

Labeled frequencies indicate Raman lines of2tradical cation. The Figure 8. Calculated bond length changes [B3LYP/6-31g(d,p)]

probe-only spectrum is dominated by solvent lines. between the equilibrium geometries baind its radical cation (cation
bond length minus neutral bond length). Thel@bond lengths change

spectra of neat andlaare shown for comparison in Figure 7. by no more than 0.01 A. The principal bond angle changes (those
. . xceeding 1) are G—0—C,, +3.4°; Cs—Cg—Si, —1.6°; H—Cs—H,
The transient spectra are intense and show more than 20 Ramaﬁ4_8o_ Co—Si—Cyo and Go—Si—Cyy, +2.F: Co—Si—Cyy, +2.6°
bands that can be attributed to the radical cation. The interesting ' ' ' SR
observables in this experiment are not the Raman intensitiesbending modes involving the benzyl carbon should also shift
but the vibrational frequencies, which provide information on upon benzyl3C substitution.
the equilibrium geometry and force constants of the “relaxed” " the DET calculations provide additional assistance in as-
radical cation. Itis not clear in general how to assign frequencies signing the vibrations as well as allowing direct comparison of
of the neutral and the radical ion to corresponding vibrational experimental and calculated frequencies. The calculated changes
modes, but the spectra of the isotopically substituted silane dojn equilibrium geometry betweeh and its radical cation are
allow identification of modes involving significant motion of  shown in Figure 8. Although most of the bond lengths change
the benzylic carbon. Table 2 lists the Raman bands of both theto some extent, the greatest changes involve the—<3Hand
radical cation and the neutral that shift upon ben3C CH,—phenyl bonds. The calculated normal modes of the neutral
substitution, suggesting a contribution from the chemically and radical cation were then compared by visual inspection of
interesting benzyl € Si stretching coordinate. The distribution  the animated vibrations to determine the best correspondence
of the isotopic shift among-78 observed vibrations suggests between modes of the two species. Table 3 shows this
that the C-Si stretch is delocalized over a number of normal correspondence for the calculated vibrations that exhibit sig-
modes, although predominantly phenyl-C stretching modes andnificant isotopic shifts, along with the comparison between
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TABLE 3: Calculated and Experimental 13C Frequency Shifts for Neutral and Radical Cation Forms of 1 and 1a

neutral radical cation
calc expt calc expt
freq 13C shift freq 13C shift freq 13C shift freq 13C shift mode descriptidn
361 -3 CHy-Ph ip bend, Ph ip def
428 -3 426 -3 Ph 6a, Pk-CH,—Si bend
661 -5 660 -5 478 -6 496 -3 CH,—Si str, Si-(CHs)s def
538 -3 ip Ph def, Ph-CH,—Si bend, Pr-O—CHjs bend
554 -3 565 -6 Ph 16b, CH—Si—CHjs str
690 -4 724 -3 Si—CHs; asym str, S+CHs
rocks, CH twist
584 -4 593 -5 748 —4 739 —10H2 Si—CHs; sym str, ring def, St CH, str
832 -4 841 -4 829 -4 CH, and CH defs
752 -8 742 -7 830 -3 Ph—CH; str, Ph breatHe
1199 -8 1161 -9 1073 -6 1040 -7 CH;, ip rock, CH—Si str
1235 -9 1213 -8 1288 -5 Ph—CH, str
1465 -3 1489 -6 CH, scissor

a Frequencies in cni. All calculated modes with*C shifts>2.5 cnt?! are listed ? Mode descriptions and correlations between modes of neutral
and cation are qualitative and based on visual examination of the animated moge$niplane”, op= “out-of-plane”, def= deformation, str
= stretch. Phenyl-localized modes are denoted using the convention of Vatsaarticularly poor correspondence between neutral and cation
modes.

calculated and observed frequencies. The frequency comparisor{but not entirely) phenyl-localized. The chemistry of these silane
between the neutral species and the radical cations is onlyradical cations, however, is that it is the—Si bond that
slightly compromised by the fact that the former were measured undergoes cleavage. This suggests that the charge distribution,
in the neat liquids and the latter in acetonitrile solution, since and with it the geometry, undergoes some change on a time
solvent shifts are typically less than 5 chfor solutes of this scale of tens of femtoseconds to nanoseconds following oxida-
type. Because of the differences in both equilibrium geometries tion. The results of the DFT calculation also show that the
and force constants, the normal modes of the neutral and thestructure of the relaxed radical cation differs from that of the
radical cation have different forms and “corresponding” modes neutral predominantly at the silyl group end, and involves
of the two species cannot be unambiguously defined. However, significant lengthening of the benzyl €Si bond with a

the two modes having the greatest degree efG3, stretching concomitant shortening of the-phenyl bond.

character are calculated to shift to considerably lower frequen-  Quantitative comparison between the results of the steady-
cies in the radical cation (661 and 1199 ¢nin the neutral state and transient Raman experiments is hindered by funda-
versus 478 and 1073 crhin the radical cation) while the modes mental differences in the kind of information the two experi-
having the greatest degree of P@H; stretching character are  ments provide. The resonance Raman intensities in the ground
calculated to shift to somewhat higher frequencies (752 and 1235state CT-resonant experiment are determined predominantly by
cm!versus 830 and 1288 ctf), consistent with the predicted  the local slope of the excited state (CT) potential energy surface
lengthening of the SiCH, bond and shortening of the Ph near the ground state (neutral) geometry. This slope (first
CH_ bond in the cation. All four St CH, stretching frequencies  derivative of the potential) is dominated by the displacement
correspond reasonably well to experimental frequencies havingbetween the potential minima of the two surfaces (the
about the expected isotopic shifts, but unfortunately the predic- parameter in the spectral fitting) and not by the change in local
tion for the Ph-CH, stretching modes cannot be verified vibrational frequency, which appears only in the second
experimentally since these modes do not seem to have intensityderivative. Usually, and certainly in this case, the intensities

in the radical cation spectrum. simply are not sensitive enough to frequency changes to allow
both the displacement and the excited-state frequency to be
Discussion determined with any confidence, and all of the intensity is

attributed to the displacement (change in equilibrium bond

The reorganization parameters presented in Table 1 must bdength for a stretching vibration). The transient experiment, on
considered approximate due to the weakness of the spectra, th¢he other hand, measures directly only the vibrational frequency
correspondingly large uncertainties in the experimental cross of the ion. While a reduced frequency for a stretching mode
sections, and the availability of data at only two excitation almost always corresponds to a longer bond, the empirical
frequencies. The strong solvent scattering may also obscure othecorrelations quantitatively relating the two (e.g. Badger's
resonance-enhanced modes of the donor, including the 660 cm rule)y**=4¢ hold only for particular bonds within given classes
mode assigned to predominantly-%iH, stretching and ob-  of molecules and cannot be readily generalized. Finally,
served as a weak line in the nonresonant spectrum of heat chemical reactivity depends on the bond dissociation energy,
Nevertheless, the observation of mainly phenyl-localized modes which in turn is only indirectly related to the vibrational
in the resonance Raman spectra of the charge-transfer complefrequency near the bottom of the well.
does seem to indicate that the electron is removed mainly from An obvious question is what CT-resonant Raman intensity
thesr system of the phenyl ring, and that the hole remains there would be predicted if the DFT-calculated-Gi bond length
for at least a few vibrational periods. The charge-transfer change were “felt” immediately in the vertically excited state.
absorption maximum o/ TCNE (620 nm) is only 0.2 eV lower  If there were a normal mode describable as a pure quasidiatomic
in energy than the corresponding band of a model compound C—Si stretch, the calculated bond length change of 0.102 A in
lacking the silyl group, 4-ethylanisole/TCNE (563 nm), also a mode at about 600 crhwould correspond to a dimensionless
indicating that the vertical charge-transfer excitation is largely displacement oA ~ 1.3. This is considerably larger than that
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found from the resonance Raman intensity analysis for any curacy of the DFT calculated geometry changes upon oxidation
single normal mode of the donor (since resonance Ramansummarized in Figure 8.

intensities are roughly proportional #%?, a mode withA = The experiments presented here probe only the initial and
1.3 would be about 9 times as intense as one having the samdinal states in the structural and/or electronic relaxatior of
frequency and\ = 0.445). However, the DFT calculations also and 2 upon removal of an electron. Explicitly time-resolved
predict that the benzyl €Si stretch is actually distributed over measurements of various spectroscopic observables (absorption,
at least three principal normal modes (595, 660, and 116%,cm  emission, anisotropy, Raman, etc.) might help to provide a more
see Table 3), with smaller contributions to a number of others. complete picture of how the vertically excited state probed in
The intensity of the 595 crt donor line is quite uncertain due  the charge-transfer resonant Raman experiments evolves to the
to its accidental near-degeneracy with a TCNE line, the 660 relaxed radical cation observed in the punmuobe experi-
cm1 line would be entirely buried under the very strong 702 ments?*8-52

cm! solvent band, and the 1161 cinline would be strongly

overlapped by the weak 1155 cisolvent band. Thus, itis  Conclusions

_pos_sible_ that our_failure to observg much C_T-rt_asonant intensity 14 oyr knowledge this represents the first time vibrational
in V|br?t|ons a_53|gna},ble to the—Si stretch is SImpIy aresult intormation has been obtained for both the vertically (charge-
of the delocallzanon of Fh's bO“‘?' s_tret_ch over multiple normal transfer) excited and the relaxed forms of an organic radical
modes, along with experimental limitations that prevent us from ;,, ‘The results suggest that charge-transfer excitation of the

observmg all pOSS|bIe_ resonance enha_nced vibrations. Forp-methoxybenzyltrimethylsiIane/TCNE ground-state complex
comparison, the best-fit value @f = 1.05 in the 1554 cm' involves removal of electron density primarily from the aryl
TCNE G=C stretch (close to th&A = 0.94 we previously  jng system of the silane donor, whereas the relaxed silane
obtained in the hexamethylbenzene/TCNE comjfewjould radical cation probed tens of nanoseconds later has the hole
correspond to a bond length change of 0.063 A in the |ocalized mainly on the silane group. The reasons for this change
quasidiatomic limit, only slightly smaller than the recently i, charge distribution upon ion-pair separation and vibrational
published theoretical value of 0.080%A. and solvent relaxation remain to be determined. The good

If a significant change in structure and/or charge distribution agreement between experimental and density functional theory
does occur upon relaxation of the vertically excited ion pair to calculated vibrational frequencies of the neutral and radical
the relaxed, solvent-separated radical cation, how might that cation forms suggests that the calculated bond length changes
change arise? One possibility is that an electronic radiationlessof +0.10 A in the benzyl €Si bond length and-0.06 A in
transition of some type occurs. A second possibility is that the the C—phenyl bond are reasonably reliable. The calculated
global potential energy surface (which includes solvent coor- lengthening and weakening of the-Gi bond is qualitatively
dinates) is significantly anharmonic such that the geometry consistent with the observed high reactivity toward nucleophilic
changes in the silane group do not occur until the phenyl ring cleavage of this bond upon oxidation.
has distorted and/or the solvent has partially reorganized around
the new charge distribution. In particular, rotation about the Ph Acknowledgment. This work was supported through the
CH; bond might significantly modify the electronic communica- Center for Photoinduced Charge Transfer (NSF grant CHE-
tion between the phenyl and silyl groups. The DFT calculations, 9120001). We thank Professor Joseph P. Dinnocenzo and
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dral angles (refer to Figure 8) to withirf.1Brouwer and co-
workers have shown that the excited-state geometry inferred References and Notes
from the local slope upon vertical excitation can be vastly (1) Myers, A. B.; Mathies, R. A. Resonance Raman intensities: A probe
different from the true relaxed geometry because of anharmo- of excited-state structure and dynamicsBinlogical Applications of Raman
nicities induced by avoided surface crossiffalthough this SpectroscopySpiro, T. G., Ed.; Wiley: New York, 1987; Vol. 2; p 1.
does not appear to be a general feature of charge-transfer excited, . ég;n“gggzhgnﬁhixncgﬁg ;L'l:gé?’%'gcsrfﬁitgu%rsoPneg'ﬁ:r;rigi"&%reorgf‘iftate
states’® B., Rizzo, T. R., Eds.; Wiley: New York, 1995: p 325.

The agreement between the unscaled vibrational frequencies ~ (3) Myers, A. B.Chem. Re. 1996 96, 91.

: : : (4) Hudgins, D. M.; Allamandola, L. J. Phys. Cheml995 99, 3033.
obtained from the DFT calculations and the experimental (5) Tang, W.: Zhang, X.-L.: Bally, TJ. Phys. Chenl993 97, 4373,

frequencies appears, in ge_neral, remarkab')’_ good for both the  (g) szczepanski, J.; Auerbach, E.; Vala, 81.Phys. Chem. A997,
neutral and the radical cation. Of course, this molecule has a101, 9296. ' _
very large number of vibrations, all nominally Raman-allowed, SOng;gzgmfggéD- L.; Suchanski, M. R.; Van Duyne, R.;Am. Chem.
of which we observe only a small subset,. so finding a calculated ®) Keszihelyi, T.. Wilbrandt, R.; Cave, R. J.: Johnson, JJ.LPhys.
frequency that closely matches any given experimental fre- chem.1994 98, 563.
quency is not difficult. However, th&C shifts place stringent (9) Emnstbrunner, E. E.; Girling, R. B.; Grossman, W. E. L.; Hester,
itional nstrain n th ianmen f lcul R. E.J. Chem. Soc., Faraday Trans.1®78 501.

addt(.) al constra tS_ on the assig e.t 0 C{?l cu ?ted to (10) Jeevarajan, A. S.; Kispert, L. D.; Chumanov, G.; Zhou, C.; Cotton,
experimental frequencies for the modes of interest in this study. 1\ chem. Phys. Let1996 259 515.
Many of the experimental frequencies have one or more (11) Sasaki, Y.; Hamaguchi, Kspectrochim. Actd994 504 1475.
calculated modes that are closer in absolute frequency than those (12) Brouwer, A. M.; Wilbrandt, RJ. Phys. Chem1996 100, 9678.
assigned in Table 3, but these are clearly incorrect assignments, (13) Tripathi, G. N. R.; Su, Y.; Bentley, J.; Fessenden, R. W.; Jiang,
based on the'®C shifts. Even so, the rms error between Y. 3. Am. Chem. S0d996 118 2245. ;

ase ! : B R h (14) Dockery, K. P.; Dinnocenzo, J. P.; Farid, S.; Goodman, J. L.; Gould,
experimental and calculated frequencies is a fairly impressive I. R.; Todd, W. P.J. Am. Chem. Sod.997 119, 1876.
19 cnt! for the six assigned vibrations of the neutral and 18 83(%%)0(1)\/lyers, A. B.; Trulson, M. O.; Mathies, R. A. Chem. Phys1985

) ! . oo . . ‘ )

cm~1 for the five assigned vibrations of the radlcall cation. The (16) Ci, X.: Myers, A. B.Chem. Phys. Lett1989 158 263.
level of agreement between calculated and experimental vibra-  (17) Gistafson, T. L.; Roberts, D. M.; Chernoff, D. A.Chem. Phys.

tional frequencies provides reasonable confidence in the ac-1984 81, 3438.



Structure of Organosilane Radical Cation

(18) Hamaguchi, H.; Kato, C.; Tasumi, \@hem. Phys. Letl.983 100,

(19) Hester, R. E.; Matousek, P.; Moore, J. N.; Parker, A. W.; Toner,
W. T.; Towrie, M. Chem. Phys. Lettl993 208 471.

(20) Qian, J.; Schultz, S. L.; Bradburn, G. R.; Jean, JJMPhys. Chem.
1993 97, 10638.

(21) Brouwer, A. M.; Svendsen, C.; Mortensen, O. S.; Wilbrandt].R.
Raman Spectrosd.998 29, 439.

(22) Baker, K. V.; Brown, J. M.; Hughes, N.; Skarnulis, A. J.; Sexton,
A. J. Org. Chem1991, 56, 689.

(23) Lilichenko, M.; Tittelbach-Helmrich, D.; Verhoeven, J. W.; Gould,
I. R.; Myers, A. B.J. Chem. Phys1998 109, 10958.

(24) Benesi, H. A,; Hildebrand, J. H. Am. Chem. S0d948 70, 3978.

(25) Foster, RMolecular Complexe<Crane, Russak and Co., Inc.: New
York, 1974.

(26) Conners, K. ABinding Constants: The Measurement of Molecular
Complex StabilityWiley: New York, 1987.

(27) Markel, F.; Ferris, N. S.; Gould, I. R.; Myers, A. B. Am. Chem.
Soc.1992 114, 6208.

(28) Kulinowski, K.; Gould, I. R.; Myers, A. BJ. Phys. Chem1995
99, 9017.

(29) Kulinowski, K.; Gould, I. R.; Ferris, N. S.; Myers, A. B. Phys.
Chem.1995 99, 17715.

(30) Myers, A. B.; Li, B.; Ci, X.J. Chem. Phys1988 89, 1876.

(31) Trulson, M. O.; Mathies, R. Al. Chem. Phys1986 84, 2068.

(32) Gould, I. R.; Farid, SAcc. Chem. Red.996 29, 522.

(33) Haselbach, E.; Vauthey, E.; SuppanT &trahedrorl988 24, 7335.

(34) Dombrowski, G.; Dockery, K. P.; Goodman, J. L.; Dinnocenzo, J.
P.; Farid, S.; Gould, I. R., unpublished results.

(35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;

J. Phys. Chem. A, Vol. 103, No. 20, 1993883

Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzales, C.; Pople, J. Baussian 94Revision C.3; Gaussian,
Inc.: Pittsburgh, PA, 1995.

(36) Martin, J. M. L.; Van Alsenoy, C. GAR2PED; University of
Antwerp, 1995.

(37) XMol; 1.3.1 ed.; Network Computing Services, Inc.: Minneapolis,
MN, 1993.

(38) Frey, J. E.; Aiello, T.; Beaman, D. N.; Combs, S. D.; Fu, S.; Puckett,
J. J.J. Org. Chem1994 59, 1817.

(39) Nestor, J. R.; Lippincott, E. R. Raman Spectros&973 1, 305.

(40) Eysel, H. H.; Bertie, J. El. Raman Spectros¢988 19, 59.

(41) Varsanyi, GAssignments foribrational spectra of segen hundred
benzene deratives Wiley: New York, 1974.

(42) Durig, J. R.; Natter, W. J.; Johnson-StreusandAppl. Spectrosc.
1980 34, 60.

(43) Badger, R. MJ. Chem. Physl934 2, 128.

(44) Badger, R. MJ. Chem. Phys1935 3, 193.

(45) Weisshaar, J. Gl. Chem. Phys1989 90, 1429.

(46) Cuff, L.; Kertesz, MJ. Chem. Phys1997 106, 5541.

(47) Juans i Timoneda, J.; Peters, K. S. Phys. Chem1996 100,
16864.

(48) Asahi, T.; Mataga, NJ. Phys. Chem1991, 95, 1956.

(49) Wynne, K.; Galli, C.; Hochstrasser, R. Nl. Chem. Phys1994
100, 4797.

(50) Pullen, S.; Walker, L. A., II.; Sension, R.J.Chem. Phys1995
103 7877.

(51) Lenderink, E.; Duppen, K.; Everdij, F. P. X.; Mavri, J.; Torre, R.;

Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson, Wiersma, D. A.J. Phys. Chem1996 100, 7822.

G. A;; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B;

(52) Kimura, Y.; Takebayashi, Y.; Hirota, N. Chem. Phys1998 108
1485.



