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Abstract: Resonance Raman spectroscopy, electronic absorption spectroscopy, and the time-dependent
theory of spectroscopy are used to analyze the intervalence electron transfer properties of a strongly
delocalized class Il molecule, the tetraalkyl-p-phenylene diamine radical cation bis(3-ox0-9-azabicyclo-
[3.3.1]non-9-yl)benzene ((k33).PD™). This molecule is a prototypical system for strongly coupled organic
intervalence electron transfer spectroscopy. Resonance Raman excitation profiles in resonance with the
lowest energy absorption band are measured. The normal modes of vibration that are most strongly coupled
to the intervalence transition are identified and assigned by using UB3LYP/6-31G(d) calculations. Excited
state distortions are obtained, and the resonance Raman intensities and excitation profiles are calculated
by using the time-dependent theory of Raman spectroscopy. The most highly distorted normal modes are
all totally symmetric, but intervalence electron transfer absorption spectra are usually interpreted in terms
of a model based on coupling between potential surfaces that are displaced along an asymmetric normal
coordinate. This model provides a convenient physical picture for the intervalence compound, but it is
inadequate for explaining the spectra. The absorption spectrum arising from only the strongly coupled
surfaces consists of a single narrow band, in contrast to the broad, vibronically structured experimental
spectrum. The electronic absorption spectrum of (k33),PD™ is calculated by using exactly the same potential
surfaces as those used for the Raman calculations. The importance of symmetric normal coordinates, in
addition to the asymmetric coordinate, is discussed. The observed vibronic structure is an example of the
missing mode effect; the spacing is interpreted in terms of the time-dependent overlaps in the time domain.

Introduction a small electronic interaction, and th&irgroups are at different

Th t of int | d developed oxidation levels, so they may be symboliZ4d—B—M ™. Class
in th elc;goce? Ot n e_rt'\_/a encf‘? comg_our;_ s was evedopeTh [l compounds have such a largiy, relative tol that they are
In the s for transition metal coordination compounds. The yo\,c4jized, so they may be symboliZ&tM —B—M 2+, Thus,

simplestlV compounds consist of two identical charge-bearing OM—B—M* and"M—B—M?O are related by an electron transfer
units M (originally metal coordination complexes) that are between thé/l groups for class Il compounds but are resonance

;? nhr;lectg:j bg;:: d|valter|1t Ir:garB:rt]hat acts ?}S a brloige bet\/\(getrj structures for class Ill compounds. Also in 1964ush pointed
eV unis. € metals have the same charge at one oxiaation i, ;5 strongly trapped class Il intervalence compounds,

level, removal of an electron producetvacompound that may characterized by havinga, < A /2, have a featureless, nearly

. o 1t .
ble s%/mbollzed a-leM ?h M] 'f_th?hM units are ne_utr:etl beforg q Gaussian-shaped charge transfer band having a transition energy
electron removal, as they are in the cases we wish to consider. " "\, g maximumeby (cm1) = 107max (NM), where

Robin and Day CIaSSIer.W compounds in 19670y c9n3|der.|ng Amax IS the wavelength at the band maximum) that is equal to

how large the electronic coupling between Meunits (which 3 %o & handwidth at half-height of least RBIN(2)Eqp) V223

we will call Ha) is relat|v¢ tp the vertlc_al reorganlzat_lon ENETYY. Class Il intervalence compounds are the simplest electron
the amount the energy is mcreasgd if an electron is tranSferredtransfer systems ever devised, because they have the driving
between theM groups of a localizedV compound without ¢, o ¢ electron transfer fixed aiGy = 0, and the bridge

allowing any relaxation, which we will call. Robin and Day controls distance and relative geometry of khainits2-5> Hush

class | compounds havg no electronic interaction between thealso pointed out that the transition dipole momen can be
M groups and are not of interest here. Class Il compounds have

(2) Hush, N. SProg. Inorg. Chem1967, 8, 391.

T University of California, Los Angeles. (3) Hush, N. SCoord. Chem. Re 1985 64, 135.
* University of Wisconsin, Madison. (4) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265.
(1) Robin, M.; Day, PAdwv. Inorg. Radiochem1967, 10, 247. (5) Sutin, N.Prog. Inorg. Chem1983 30, 441.
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V0 =2H,p by converting the Nklgroups to NR groups that lack removable

a-hydrogens? These 3-oxa-9-azabicyclo[3.3.1]nonyl groups
will be abbreviated ask@3)N groups here, as we have
previously when we use8and related compounds in intermo-

lecular electron transfer studié’s.
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Figure 1. Comparison of the intervalence band absorption spectra of the The_dOUblyu_'branCheq alkyl grOUps_ requ'r?d for IO!’lg lifetime
localized class IHy,PD* and the class I1{k33),PD". of typical amino-substituted organic radical cations cause

thermodynamically easier oxidation than do smaller alkyl groups

used to estimate the sizeldfy in a simple manner. In contrast,  pecause they provide better electron delocalization than do
strongly delocalized class Il compounds (those which hdye  .unbranched alkyl groups, but the presence of the keto group
> 112) have lowest energy absorption bands that are much gt the 3 position of thek@3)N substituents o8 has been shown
narrower and often show vibrational fine structure. to result in a very similar stabilization to the positive charge of

Class Il intervalence radical cations with orgaMcgroups 3+ and electronic coupling as the dimethylamino groups of the
have charge transfer bands resembling those of tranSition'metal‘tetramethylp—phenylenediamine radical catioFiNIPD *).12 The
centered examples, and Nelsen and co-workers have shown thafadical cations oD derivatives are exceptionally stable and
for some hydrazine- and diazene-centered examples having bothjo not require such kinetic protection; they were in fact the
saturated and unsaturated bridges, classical two-state Marcus first organic radical cations ever prepafé@ur current interest
Hush theory analysis of their charge transfer absorption spectrajn these compounds is as organic intervalence compounds, for

predicts surprisingly accurately the thermal rate constants for ywhich the kinetic protection supplied bk33)N groups is
intramolecular electron transfer that were measured by ESR. required in less stable examples tf@in

The appearance of the longest wavelength band in the optical
absorption spectra for class Il and IV compounds can be  Scheme 1. Adiabatic and Diabatic Structures for PD*
quite different, as shown for the strongly charged localized class H‘-—NN"'H

Il p-phenylene PH)-bridged bis-hydrazinély,PD" and the

. . . Adiabatic PD*
strongly delocalized class Il tetraalkghphenylene-diamine e

~e’
(PD) derivative (k33),PD* in Figure 1. HF;./-NNQ'E <_—’H“~N—©—N~\-.HH
Diabatic models for PD*
The present work is concerned with time-dependent theoreti-
—.—— cal analysi¥* of aryl-bridged intervalence compounds that have
Hy,PD* (k33)N as theM units, specifically the strongly delocalized class
2

Il 3+ ((k33),PD"). As indicated in Scheme 1, the geometries
would be significantly different for geometry-relaxed delocalized
The large difference in appearance of the spectra in Figure 1PD" and its derivatives, which lie on the adiabatic surface, that
arises fromH,/A being very much larger fofk33),PD" than is, with the large electronic coupling intact, and for the starting
for Hy,PD*. The electronic coupling for the latter is only about point of a two-state analysis, the pair of hypothetical diabatic
one-third that 0f(k33),PD", becauséH,, depends on overlaps  structures that would be presentHf, was zero.
at the CN bonds that connect the charge-bearing units to the The electronic absorption spectrum and the resonance Raman
bridge. TheHy groups are more twistedHgy, is approximately spectrum of intervalence compounds are frequently interpreted

proportional to the cosine of the twist angle at eachA bond), by using potential energy surfaces such as those shown in Figure
and the nitrogen attached to the bridge of Hhe™ group only 2. The solid lines illustrate diabatic surfaces, one of which
bears about half the charge on tHg™ unit. Furthermoref, represents the molecule with the charge on the right, the other

which is principally determined by the size of the change in with the charge on the left. The dotted lines represent the ground
geometry at the charge-bearing units upon electron transfer, isand vertical excited-state adiabatic surfaces foHapn> 1/2
much larger for a hydrazine than for an amine. case like(k33),PD".

Nelsen and co-workers pointed out that double Michael  The potential energy surfaces in Figure 2 provide a convenient
addition of compounds containing amino groups, such as thosephysical picture for the intervalence compound, but they are
of p-phenylenediaminel( PD), to 2,7-cyclooctadieneon&)(

provides powerful kinetic protection for higher oxidation levels (19) Ne'se” S. F.; Kessel, C. R.; Brien, DJJAm. Chem. Sod.98Q 102, 2,
(11) Nelsen S. F.; Pladziewicz, J. Rcc. Chem. Res2002 35, 247 and

(6) Nelsen, S. F.; Ismagilov, R. F.; Trieber, D. A.Sciencel997, 278 846. references therein.

(7) Nelsen, S. F.; Ismagilov, R. F.; Powell, D. R. Am. Chem. S0d.997, (12) Nelsen, S. F.; Tran, H. Q.; Nagy, M. A. Am. Chem. Sod 998 120,
119 10213. 298.

(8) Nelsen, S. F.; Ismagilov, R. F.; Gentile, K. E.; Powell, DJRAmM. Chem. (13) Roth, H. D.Tetrahedron1986 42, 5097, for the early history of radical
Soc.1999 121, 7108. ion stud|es

(9) Nelsen, S. F.; Trieber, D. A. I; Ismagilov, R. F.; Teki, ¥..Am. Chem. (14) Zink, J. 1.; Shin, K.-S. K. InAdvances in PhotochemistriViley: New
Soc.200], 123 5684. York, 1991 Vol. 16, p 119.
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g majority of the experimental work involved mixed valence
A inorganic molecules consisting of two metals in different formal
S oxidation states separated by a bridging ligdhd?22-35 but
recent studies have been carried out on organic molecules
including triarylamine mixed valence systefig!

In this paper, we use resonance Raman spectroscopy,

— electronic absorption spectroscopy, and the time-dependent
12 theory of spectroscopy to analyze the propertie&a8),PD™.
Resonance Raman excitation profiles in resonance with the
lowest energy absorption band are measured. The normal modes
of vibration that are most strongly coupled to the transition are
identified and assigned by using Gaussian 98 calculations. All
of the resonance Raman intensities and excitation profiles are
calculated by using the time-dependent theory, and the excited
. state distortions are obtained. The methods for calculating the
-10 5 0 5 10 Raman and electronic absorption spectra for models of inter-

Contiguration Coordinate valence electron transfer such as the surfaces in Figure 2 are
Figure 2. Asymmetric cross section of the ten-dimensional potential energy discussed, and the spectra are calculated and interpreted. The

surface used to fit the absorption spectrun{k&3),PD*; the dotted lines : : ; ;
illustrate the adiabatic surfaces (frequency of 1090 9nthe solid lines electronic absorption spectrum is calculated by using exactly

illustrate the diabatic surfaces (frequency of 1110 tand distortions of the same potential surfaces as those used for the Raman
+0.7 and—0.7, respectively), and the inset magnifies the crossing point calculations. The importance of symmetric normal coordinates,

for the diabatic surfaces. in addition to the asymmetric coordinate depicted in Figure 2,
is discussed. The vibronic structure is an example of the missing
mode effecB6-3° the spacings are interpreted in terms of the
20x10° M\ time-depgndent overla}ps in the time domain. Tk&3),PD" .

A\ —— Experimental molecule is a prototypical system for strongly coupled organic
! \ -~ Expected intervalence electron transfer spectroscopy.

40x10° "

30

n
o
|

Potential Energy (cm')
o
1

|
15 it Experimental Section

: Neutral(k33),PD was prepared as previously describedxidized

to the radical cation hexafluorophosphate $&83),PD*PFs~ using

‘ NOPFR;, and characterized by X-ray crystallogragfyrhe absorption

J : spectrum of (k33),PD"PFs~ in acetonitrile was recorded at room
; ; temperature on a Perkin-Elmer Lambda 20 absorption spectraphotom-

5 I eter#

" Vibrational Spectroscopy. Raman spectra were collected by a

/ double monochromator and detected with a PMT or collected by a triple

Extinction Coefficient

T I
10 12 14 16 18 20 22 24x10° (20) Coropceanu, V.; Malagoli, M.; Andre, J. M.; Bredas, JJLChem. Phys.
Energy (cm™) 2001, 115 10409. )
(21) Coropceanu, V.; Malagoli, M.; Andre, J. M.; Bredas, JJLAm. Chem.
Figure 3. Absorption spectrum 0f(k33),PD* in acetonitrile in the Soc.2002 124, 10519.

intervalence region (solid line) and the calcul rum for the interacting (22) Dong, Y. H.; Hupp, J. T.; Yoon, D. . Am. Chem. S0d.993 115, 4379.
intervalence region (solid line) and the calculated spectrum for the interacti g( 3) Hupp. J. T.: Dong, Y. Hinorg. Chem 1994 33, 4421,
4

)

. . A - 2

diabatic surfaces shown in Figure 2 (dotted line). 2 g Petrov, V.; Hupp, J. T.; Mottley, C.; Mann, L. @. Am. Chem. Sod994
116 2171.

)

)

)

; o (25) Roberts, J. A.; Hupp, J. Thorg. Chem.1992 31, 157.
|_nadequate for explz_;umng the spectra. For example, the absorp (26) Demadis, K. D.- El-Samanody, E.-S.- Coia, G. M.: Meyer, T3.JAm.
tion spectrum arising from the strongly coupled surfaces Chem. Soc1999 121, 535.

; f ; ; ; f (27) Demadis, K. D.; Neyhart, G. A.; Kober, E. M.; White, P. S.; Meyer, T. J.
deplcteq in Elgure 2 consists of a smgle_ narrow band, in contrast Inorg. Chem.1999 38, 5948,
to the vibronically structured spectrum in Figure 1. An example (28) Hormung, F. M.; Baumann, F.; Kaim, W.; Olabe, J. A;; Slep, L. D.; Fiedler,

of the spectrum arising from the coupled surfaces, to be (g J.Inorg. Chem.1998 37, 311.

Karki, L.; Williams, R. D.; Hupp, J. T.; Allan, C. B.; Spreer, L. ®org.
one configuration coordinate representing structures such as(31

Ko, J.; Ondrechen, M. £hem. Phys. Lett1984 112 507.

98, 11230.

. ” e < . ) ; ) Williams, R. D.; Petrov, V. I.; Lu, H. P.; Hupp, J. 7. Phys. Chem. A
discussed in detail in this paper, is shown in Figure 3. )
Chem.1998 37, 2837.
)
those in Scheme 1 needs to be expanded because the actu 33 Ondrechen, M. J.; Ko, J.: Root, L. 1. Phys. Chemi984 88, 5919.
)
)
)
)

N

1997 101, 8070.
- . . : 30
The depiction of an intervalence absorption band in terms of (
Lu, H.; Petrov, V.; Hupp, J. TChem. Phys. Lettl995 235 521.
motions of large molecules that display intervalence electron (34) Ondrechen, M. J.; Ferretti, A.; Lami, A.; Villani, G. Phys. Cheml994

transfer spectra will be distributed over a number of coordinates, (35) Ferretti, A.; Lami, A.; Ondrechen, M. J.; Villani, G. Phys. Cheml995

i i i i - 99, 10484,
both symmetric and asymmetric. The necessity of including the Tutt, L.: Tannor, D.: Heller, E. J.: Zink, J. Inorg. Chem 1982 21, 1,

symmetric normal modes is well recognized from both a 3858.

theoreticalc2! and experimental point of viedt 35 The (37 1T€l;£t;t3 Ié.;7T§611n?or, D.; Schindler, J.; Heller, E. J.; Zink, JJ1Phys. Chem.

(38) Tutt, L.; Zink, J. 1.J. Am. Chem. S0d.986 108, 5830.

36

—~

(15) Piepho, S. BJ. Am. Chem. S0d.988 110, 6319. (39) Tutt, L.; Zink, J. I.; Heller, E. Jinorg. Chem.1987, 26, 2158.

(16) Piepho, S. BJ. Am. Chem. Sod.99Q 112 4197. (40) Nelsen, S. F.; Ramm, M. T.; Ismagilov, R. F.; Nagy, M. A,; Trieber, D. A.
(17) Reimers, J. R.; Hush, N. €hem. Phys1996 208, 177. I.; Powell, D. R.; Chen, X.; Gengler, J. J.; Qu, Q.; Brandt, J. L.; Pladziewicz,
(18) Hush, N. SNATO Ad. Study Inst. SerSer. C198Q 58, 151. J. R.J. Am. Chem. S0d.997, 119, 5900.

(19) Talaga, D. S.; Zink, J. D. Phys. Chem. 2001, 105 10511. (41) Nelsen, S. F.; Tran, H. @. Phys. Chem. A999 103 8139.
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monochromator and detected by a CCD. Excitation was provided by and possibly coordinate-dependent valugsuch that £)? is propor-
an argon ion laser (for wavelengths of 514.5, 488, and 457 nm) and tional to the cross section for absorption in maédd hus, in practice,
Krypton ion laser (for wavelengths of 568, and 676 nm). An interference

filter was used with 488 and 457 nm excitations to eliminate plasma #(QJ = 1t=0)=u(Q)x(Q.2)
lines.
Spectra were collected from spinning pellets made from a finely #(Qj=2t=0)=u(Qr(Q1) (5)

ground mixture 0fk33),PD* and the reference compound Khéx a
ratio of 1:28 in KCI. The intensities were obtained by numerically For two coupled excited states, we need to keep track of two wave
integrating the peaks. The Raman intensities were normalized to thatPacketsg andg,, moving on the two coupled potential surfacés?
of the KNO; standard. Spectra were collected in triplicate; averages 1he wave packe(t) is given by the time-dependent StHioger
and standard deviations are reported. The plot of the normalized €quation:
intensity versus the energy of excitation is a resonance Raman profile.

(¢1) — (Hl V12)(¢1)

.0
6] = \Var H, e, ©

Theoretical Methods 'a_t

The theoretical foundation underlying the calculation of spectra for
coupled and uncoupled potential surfaces in the framework of the time-
dependent theory of molecular spectroscopy is briefly presented in this
section?~44 The time-dependent approach is very powerful from both [Blp(t) = ], () + [l ,(H)0 @)
the technical and conceptual points of view. Its utility is particularly

evident in the treatment of coupled electronic states; in the time- The diagonal elements; of the total Hamiltonian are given as
independent (FranekCondon) picture, the spectroscopic consequences

(where now the subscript denotes the electronic statel or 2), and
the total overlag¢|¢(t)Cis calculated as

of coupling between states are much harder to visualize qualitatively H=— ivz +V(Q) ®)
and to calculate quantitatively than with time-dependent methods. ! 2M !
Absorption Spectra. The fundamental equation for the calculation
of an absorption spectrum in the time-dependent thedfy54° (wherej = 1,2), Vj(Q) is the potential energy as a function of the
configurational coordinat®, —1/2M-V? is the nuclear kinetic energy,

Hoo iEq andVi2 = Va1 is the coupling between the two diabatic potentials. For

I(w) = Cw f_ . eXPGCUt){ E¢1>|<I>(t)@ax;(—l“t + Tt)} dt (1) simplicity, displaced harmonic excited state potentials for the symmetric
normal modes are chosen, although the theoretical method is not
with I(w) as the absorption intensity at frequenayE, as the energy restricted by the functional form of the potentials. The displacement
of the electronic origin transition, addas a phenomenological damping  of the minimum of one electronic state from the other, from that of the
factor. ground stateAQ, is abbreviated aA in this paper. The potentials are
The most important ingredient to eq 1| d(t)[]the autocorrelation given by

function of the wave packetb prepared after the spectroscopic

transition. In the absence of coupling terms between the normal V.(Q)zlkj(Q_ AQ-)2+ E. 9)
coordinates, the total autocorrelation in a system Wittoordinates is ! 2 ! !
given by

with k§ = 47°M(hw;)? as the force constamhQ; (= +A) as the position
of the potential minimum for electronic stgtalongQ, andE; as the

ki k
[®| (= |:| [$e°(O0 @ energy of the potential minimum for stajte

The uncoupled potentials are shown as dashed lines in Figure 2

whereg¢k is a wave packet associated with coordinatg = 1...., K) (diabatic potentials). The coupling between the diabatic potentials for

and is a two-dimensional vectogt(Q, j), whereQ is the coordinate states 1 and 2 is chose_n to be coordinate independent in this paper,
along modeK andj = 1,2 is an index over the two electronic states. although the computational method allows us to use coordinate
In the following, we will eliminate the indek and consider only a dependent coupling. Note that different authors use the symbols for

single coordinate. The= 0 wave packet is then defined as the couplingViz or Hap O € interchangeably. The symbbla, is used
in the remainder of this paper because it is most commonly found in
o(t=0)=uy, 3) discussions of organic compounds.
The theoretical treatment of the intervalence band is a special case
or more explicitly: of the general pictufé>° because the potential is symmetric and

because the spectrum is calculated by propagating the two components
) 2 . of the lowest energy eigenfunctions € 0) of the coupled system.
»(Q.jt=0)= Zﬂjj' Qu@QJ)i=12 4 The appropriate potential surfaces are shown in Figure 2.
= The complete one-dimensional picture requires that the lowest energy
eigenfunction of the coupled surfaces be calculated. This eigenfunction

Here, the subscripti™ denotes the initial statey; is an eigenstate of ) .
P i g has two components, one from each of the diabatic surfaces. The

the combined two-electronic states and the single vibration Hamiltonian
(typically the groundstate of the combined two-electronic states and a @

: g ; L o Alvarellos, J.; Metiu, HJ. Chem. Phys1988 88, 4957.
single vibration Hamiltonian). We do not labglby the initial state (48) Jiang, X. P.; Heather, R.; Metiu, H. Chem. Phys1989 90, 2555.

7)
) :
index i to avoid cluttering with indices, but the wave packet depends (49) Heather, R.; Metiu, H). Chem. Phys1989 90, 6903.
(50) Reber, C.; Zink, J. . Phys. Cheml1992 96, 571.
)
)

on the initial state. Thg transitign momentor coordinatek is formally (51) Reber, C.: Zink, J. 1. Chem. PhysL992 96, 2681.

a 2 by 2 matrix which is coordinate dependen(Q)). It is usually an (52) Wexler, D.; Reber, C.; Zink, J. I.. Phys. Chem1992 96, 8757.

off-diagonal matrix, and the off-diagonal value is a mode-dependent (°3) 132"'8%"' E.; Reber, C.; Talaga, D. S.; Zink, JJ1Phys. Cheml993 97,
(54) Wexler, D.; Zink, J. llnorg. Chem.1995 34, 1500.

(42) Lee, S.-Y.; Heller, E. 1. Chem. Physl1979 71, 4777. (55) Wootton, J. L.; Zink, J. IJ. Phys. Chem1995 99, 7251.

(43) Heller, E. JAcc. Chem. Red981, 14, 368. (56) Talaga, D. S.; Zink, J. U. Phys. Chem1996 100, 8712.

(44) Heller, E. J.; Sundberg, R. L.; Tannor, ID.Phys. Cheml982 86, 1822. (57) Wootton, J. L.; Zink, J. 1. Am. Chem. S0d.997 119 1895.

(45) Heller, E. JJ. Chem. Physl975 62, 1544. (58) Neuhauser, D.; Park, T.-J.; Zink, JAhys. Re. Lett. 200Q 85, 5304.

(46) Heller, E. JJ. Chem. Physl978 68, 2066. (59) Acosta, A.; Cheon, J.; Zink, J. Inorg. Chem.200Q 39, 427.
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eigenfunction is calculated as follows: 15
T iE; 1041620 ¢m’ 1455 cm’”’ 1368 cm’
7= consts [ y)w(t)exp| 4 t|dt (10) i J!\\
57 5

wherey; denotes the eigenfunction corresponding to the eigenvalue 2 o v_/l\"\
E, () is the time-dependent (propagating) wave function which L rrrTTeT
initially is located arbitrarily on the surface, andt) is a Hanning
window function. The initial energ¥; is estimated from plotting the
norm of the resulting; as a function of energyEi— is the energy of

the lowest peak. Note that for coupled potentials, each eigenfunction

i is an array with two components corresponding to the two diabatic
potentials that form the basis in the calculations; thag iis, specifically

1342 cm”! 1253 cm” 1237 cm’

Normalized Raman Intensity
]
1

2i(Q4). 15+

There are two major differences from the usual case of noncoupled 104 ) . B
potential surfaces that involves a lower (ground) and upper (excited) 1014 cm’ 505 cm 405 cm
state. First, in the coupled case, the wave packet motion is on both 5

states, while, in the usual case, the wave packet propagates on a single o _’/\ S A
[ m e e e A e e m i m e S L A L

(the excited) state. Second, in the coupled case, the initial wave packet

involves the lowest eigenfunction of the coupled system, while, in the 1216 20 24 12 16 20_‘ 24 312 16 20 24
usual case, it is the vibrational wave function times the transition dipole Energy (cm ) X 10
from a completely different electronic surface. Figure 4. Resonance Raman excitation profiles of the nine most enhanced

The configurational coordinate in Figure 2 requires further explana- modes for(k33),PD*. The experimental points are shown with error bars,

- - ) . : and the calculated fit is shown as a solid line. Experimental data were
tion. It is rarely defined precisely, in part, because there are usually collected from solid samples with intensities refereﬁced to KN© the

several possibilities and it is difficult to choose the most important jntemal standard. All experimental and calculated plots are shown on the
one. The coordinate that is chosen here is an asymmetric ring stretchingsame scale.

mode with a vibrational energy of 1090 cin
Raman Spectra.The Raman scattering cross section is givef? by 1455, 7.41; 1513, 0.82; 1620, 13.18; 1799, 3.11. The bands with
observed enhancements of at least 10% of that of the most

i 00 " H H H H
o :_j; (Zﬂf@fwt)m expED — TO)expli(w;, + o)t dt |nten§e panq at 1620 crhare plotte'd in Figure 4 with error
h = bars indicating one standard deviation from at least three
(11) measurements. The spectra were obtained using 676, 568, 514.5,

wherel|¢r> = uly:> is the final vibrational statey, multiplied by the 488, and 457 nm excitations.

transition electric dipole moment, |¢(t)> = exp(—iHed/h)|p> is a Discussion

moving wave packet propagated by the Hamiltonigr, = uly> is

the initial vibrational state multiplied by the electronic transition 1. Absorption Spectrum for Strong Coupling. The elec-
moment,T is the damping factora; is the zero point energy of the  tronic absorption spectrum ¢k33),PD" shown in Figures 1
ground electronic surface, afe, is the energy of the incident radiation. and 3 is typical of that measured for strongly coupled,

The Raman intensity.l; into a particular modé is delocalized molecules. The band is narrower than those from
_— molecules with intermediate values of delocalization, and it also
lig ~ oyodog]" o] (12) exhibits vibronic structure. Based on the energy of the band
maximum, the calculated value of the coupli is 8120
wherews is the frequency of the scattered radiation. et ’ PliRgs
Results Interpretation of the absorption band in terms of a model

based on two coupled diabatic potential surfaces such as those

sorption spectrum dk33);PD* in the visible wavelength region ~ SNOWn in Figure 2 reveals an important limitation of the
is shown in Figures 1 and 3. The room temperature SpectrummOdel' the experimental bandwidth is much larger than that

contains peaks at 16234 100 cn1! (616 nm) and 17483 predicted by the model. For example, the absorption spectrum

100 cnt (572 nm) and a shoulder at 18832300 cnm? (531 calculated by usingHs, = 8120 cnmt! and a vibrational

nm). These features are separated by an average of 1324 cm frequgncy of 1090 le i‘?‘ shown superimposed on the
The band maximum appears at 16260L00 cntt and has an experimental spectrum in Figure 3. The spectrum contains only
extinction coefficient of 21000 Mcm-L. one peak, not the vibronic progression observed in the experi-

2. Resonance Raman SpectroscopRlots of the integrated mental spectrum. ) N .
Raman intensities as a function of the excitation energy (the The reason that the model' depicted in Figure 2 predicts a
resonance Raman excitation profiles) are given in Figure 4. The NToW structure-free absorption spectrum can be understood
frequencies (in wavenumbers) and intensities (relative to that " t€rMs of the dynamics of the wave packetin the time domain.
of the KNO; standard peak at 1046 cA) obtained for a 568 The width of the spectrum is determined by the initial decrease

nm (17605 cm?) excitation (the wavelength that produces the of the overlap, which in turn is governed by the slope of steepest
maximum Raman intensity) are as follows: 194, 1.52; 405, 2.97; descent. The steeper the slope, the faster the movement of the
505 219 819. 0.98- 894. 1.10: 960 1.12- 1(')14 é_47.'1059’ wave packet and the broader the spectrum. Vibronic structure

1.51: 1095. 1.68: 1237. 2.82- 1253. 3.01: 1342. 3.07: 1368. 4.25:1S caused by the recurrence of overlap in the time domain. A
’ ' ' ’ ' ' ’ ' ' ’ "simple physical picture for the strongly coupled system is

(60) Shin, K.-S. K.; Zink, J. 1Inorg. Chem.1989 28, 4358. obtained by visualizing wave packet motion on the upper

1. Absorption Spectroscopy.The acetonitrile solution ab-
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adiabatic surface in Figure 2. The vibrational wave function of displaced in the excited electronic state. The time-dependent
the lowest energy surface is multiplied by the transition dipole theory is used to calculate the profiles and spectra and to
moment and is propagated on the upper surface. Because ofjuantify the most important excited state distortions. The
the strong coupling, the minimum of the upper surface is discussion focuses on the normal modes whose resonance
vertically above that of the lower surface. Thus, the center of Raman intensities are 10% or greater than that of the most
the wave packet on the upper surface does not move, and théntense band at 1620 crh
overlap does not change very much as a function of time. The 2.1. Assignments of Vibrations. A UB3LYP/6-31G(d)
overlap would not change at all if the curvatures of the two geometry optimizatiod of (k33),PD" gave a nearly pure
surfaces were the same (i.e., if the force constants were thedoublet ($00= 0.760) G structure having a quinonoid-like
same), and thus, the spectrum would consist of a single sharpdistortion of the benzene ring: CN distances, 1.361 A:-NC
line. Because the curvatures are different, the overlap doesCH distances, 1.431 A; and HE&CH distances, 1.371 A. The
change slightly, but the majority of the absorbance is contained nitrogens are planar, and there is a 2@wist angle between
in the single line, as shown in Figure 3. It is important to the aromatic ring and the N(€planes. The dipole moment
emphasize that the calculated spectrum is exact within the components are-0.02,4+0.07, and+-0.93 D, and this structure
framework of the model and is not carried out in the adiabatic is a minimum, with no imaginary vibrational frequencf@3.he
limit, but thinking in terms of the adiabatic BorfOppenheimer nine strongest observed resonance Raman frequencies are
surface is useful in understanding the result. compared with those arising from this calculation in Table 1.

The resonance Raman results prove that other vibrational The assignments cannot be considered certain for the Iawer
normal modes play a role in the electronic transition and thus bands in the center of Table 1.
will contribute to the bandwidth. The contribution of these The most intense mode in the resonance Raman spectra is
normal modes, especially symmetric modes where potential the symmetric aromatic CC and CN stretch that is observed at
surfaces are displaced, wave packet motions are large, and largd620 cnt! and calculated (after including the correction factor
overlap changes occur in the time domain, is discussed in theof 0.982 which gave the best fit to the experimental spectrum
next section. for the tetramethyl compoun®)at 1646 cm?®. The largest

2. Involvement of Symmetric Normal Modes Determined motions of atoms in the aromatic core of the molecule are shown
by Resonance Raman Spectroscopybsorption bands with ~ in cartoon form in Scheme 2. In this strongly coupled (high
large widths result when excited state potential surfaces haveHas) molecule, the adiabatic potential surfaces are a good
large displacements relative to the ground state. These displace@pproximation and the electronic transition can be thought of
ments, caused by changes in the bond lengths and bond angle¥s a bonding orbital to antibonding orbital transition. This
result in nonzero slopes of the excited state potential surface intransition will weaken CC and CN bonds resulting in an excited
the Franck-Condon region, cause rapid decreases of the overlapstate potential surface that is displaced along the symmetric
in the time domain, and thus produce a large spread in the normal mode involving these atoms. Wave packet motion in
frequency domain. this coordinate will lead to enhanced resonance Raman intensity.

Resonance Raman spectra and excitation profiles, taken at he most highly distorted normal coord_inatt_a is the out of plane
resonance with the excited electronic state of interest, are usedReNANRz bend at 405 le-_ The motion involves a large
to determine the magnitude of the distortion of the mode that @mMPplitude phenyl ring tilt, maintains the Goint group, and is
is being measured in the profile. Because each normal mode is? totally symmetric A-N bending vibration. The measured
examined individually, the distortions along each of the normal "€S0nance Raman intensity of this mode is much smaller than
modes can be calculated. Whereas the electronic spectrunihat of the 1620 cm! mode, but its distortion is larger because
contains information about all of the modes simultaneously, the the distortion scales as the square root of the intensity and the
resonance Raman profile filters out the detailed information NVerse square of the frequency.

about the excited state potential surface along that normal 2-2- Calculation of the Experimentally Determined Reso-
coordinate. nance Raman Intensities and Excitation ProfilesThe intensi-

The resonance Raman excitation profiles are plots of reso.- ties of the resonance Raman bands and the e_xcitation profiles
nance Raman intensities of a given mode as a function of are calculated by using egs 9 and 10. The variable parameters

excitation wavelengths. (The more familiar Raman spectrum is ghat are used in thﬁ Calculfltlon gre the. de;mpfhglnd thde
a plot of the intensities of the modes versus their vibrational Istortions. For each normal coordinate, its frequergyan

frequer_]CIe_S ata S_pe_CIfIC eXC|t_at|on Wavelength') _The width of (61) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
an excitation profile is determined by the total displacements A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A. J.; Stratmann,
H H H ; H R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
of all the vibrational modes dlsplaced in the _excned state the K N Strain. M. C.- Farkas. O.. Tomasi J.: Barone, V.. Cossi, M.: Camii,
same way as that of the absorption and emission spectra. It thus  R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;

; [ : ; : Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
contains information abf)ut.the d|st9rtlons of all of the nOfma| Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
modes. However, each individual vibrational mode has its own J. V.; Baboul, A. G_; Stefanov, B. B.; Liu, G.; LiashenkohA.; Pi?korﬁ, P.;

. . P . y Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
|nter_15|ty and_ excnan_on profll_e. Therefore, each r_u_)rmal mode’s M. A Peng. C. Y. Nanayakkara, A.; Gonzalez, C.; Challacombe, M.;
profile contains the information about that specific mode, and glll, P.I M.é/\/.;HJor:jnéonaB.; '\Cﬂheg, VY IWogg,SM.PW.I; Ajngzs, J. L

. . . . . ‘e onzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, ssian
the distortions can be obtained from the relative intensities of 98, revision A.7; Gaussian, Inc.. Pittsburgh, PA, 1998.
the excitation profiles. (62) The structure was recalculated imposingsg@mmetry using Spartai®2

. i . . PC/x86 release 115b, and although the enthalpy decreased 0.76 kcal/mol,
The purpose of this section is to discuss how resonance the frequencies calculated for all of the vibrations differed by 1.2%mn
i ; ; less from those of the structure calculated without imposing symmetry.
_Ramar_] _sPeCtrOSCOpy IS used_to determine Wh'_Ch n_ormal modes, We use the Gaussian calculation, for which Raman intensities are available.
in addition to the asymmetric mode shown in Figure 2, are (63) Brouwer, A. M.J. Phys. Chem. A997, 101, 3626.
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Table 1. Raman Frequencies, Distortions, Reorganization Energies, and Assignments
reorganization calculated
frequency relative dimensionless energy? frequency®
(cm™) intensity distortion (cm™) (cm™) assignment
405 22.5 1.0710 232 405 out of planeNRArNR bend (large
amplitude phenyl ring tilt)
505 16.6 0.7242 132 521 out of plangNArNR; bend (large
amplitude N displacement)
1014 26.3 0.4692 111.6 1015 in plane Ar ring breathing
1237 21.4 0.3672 83.39 1220 —C stretching on k33
1253 22.8 0.3672 84.48 1246 —CE wagging
1342 23.3 0.3366 76.03 1342 -Mr and Ar C—-C stretching
1368 32.2 0.4386 131.6 1363 -Mr—N in plane stretch
1455 56.2 0.5406 212.6 1463 -Mr—N in plane stretch
1620 100.0 0.6426 334.5 1646 AT and N-Ar—N stretches

aThe reorganization energy, equals 0.2 The distortion, in units of A equals 5.807 times the dimensionless distortion times the reciprocal square
root of the mass and times the reciprocal square root of the frequency. The force cdgstaatits of cnm /A2 equals 0.02966 times the mass times the
frequency squared.The UB3LYP/6-31G(d) calculated mode times the 0.982 factor that Bré8vi@und led to the best agreement for the tetramethyl
compound.

Scheme 2. Largest Motions for the Largest Intensity and Highest

: ) 15
Distortion Resonance Raman Bands Observed /TN
H" '\H ,Il ‘\\
\ o— ! % ----1620 cm™ Mode
N—G €—N ?N—ﬁ:’»”NQ‘ h *—— Asymmetric Mode
v il \ /
HS M 10 ; |
1 3 / \
1620 cm™' mode 405 cm™! mode 2 i
3 / i
[} ! ,
(&) i

distortion, A, define the potential energy surface (eq 5). Wave
packet propagation on the ten-dimensional surface (eq 4) 5- ;
determinesp(t), and the resonance Raman excitation profiles
are calculated using(t) according to eqs 9 and 10. (The
intensity of each excitation profile in Figure 4 is roughly
proportional taw?AZ2.) The same potential energy surfaces (and
thus the same(t)) are used to calculate the absorption spectrum
(eq 1). Only one set of parameters is used to calculate all of the
excitation profiles, to calculate the resonance Raman spectrum _ i ; . ) )

. o . _Figure 5. Comparison of Raman intensities for symmetric and asymmetric
at a given excitation wavelength, and to calculate the absorption modes. The dotted line is the calculated resonance Raman profile for the
spectrum as discussed in section 4. The nine spectra were fitexperimentally observed symmetric mode at 1620 %rthe solid line is
simultaneously using the distortions shown in Table 1 Brsl the calculated resonance Raman profile for the 1090*amode.

1300 cntl.

3. Calculation of the Resonance Raman Intensities and

16 18 20
Energy (em™) x 10°

The calculated excitation profile for the asymmetric mode
e . | ! that is involved in the intervalence electron transfer is shown
Excitation Profiles of Asymmetric Modes Involved in In-in Figure 5. The calculations use the same parameters that define
tervalence Electron Transfer. The intensities of asymmetric  the potential surfaces in Figure 2 and that were used to calculate
normal modes in the resonance Raman spectra, specifically thathe absorption spectrum in Figure 3. The calculated profile for
of the mode depicted in Figure 2, are small. The most intense the 1620 cm* symmetric mode, the most intense mode in the
peaks in the resonance Raman spectra arise from displace@xperimental spectra, is included in the figure for comparison.
symmetric normal modes. The relative intensities are related to The intensity of the asymmetric mode’s prof”e is small but
the overlap of the ground state eigenfunction propagated on thenonzero. The reason can most easily be seen in the strong
excited state surface and the first vibrational excited state oncoupling adiabatic limit. The adiabatic Bor®©ppenheimer
the ground surface. The larger the displacement, the faster thesurfaces in Figure 2 are not displaced relative to each other,
increase in the overlap and the more intense the peak in thethe wave packet does not experience a lateral shift, and the time-

spectrum.

The potential surfaces in Figure 2 represent an asymmetric
mode with a vibrational frequency of 1090 ctin Gaussian
calculations assign the 1090 chmode as an asymmetric CN
stretch. Experimentally, an intense band is observed in the IR
spectrum at 1099 cm, and a weak Raman feature is observed
at 1095 cm?; the relative intensities are consistent with an
asymmetric vibration in the point group of this molecule. The
diabatic surfaces are constructed with a frequency of 1118 cm
and the distortions-0.7 and—0.7, respectively. The coupling
of 8120 cn1! was determined by previous analy$s.

dependent wave packet in the excited state does not move to
overlap with the ground state function. Thus, the resonance
Raman intensity is small. However, the two adiabatic surfaces
are different from each other because there is a change in force
constant in the excited state. Although the wave packet
maximum does not shift in the excited state, the ground state
function will not be an eigenfunction of the upper surface, and
so the wings of the wave packet evolve with time. The intensity
caused by this motion is small. The intensity calculated by the
exact quantum calculation is approximately 5% that of the 1620
cm~1 mode.
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line is the experimental spectrum at room temperature in acetonitrile; the

dotted line is the calculated spectrum. Parameters are given in Table 1 for Figure 7. Absolute value of the overlap in the time domain illustrating an

the symmetric modes and section 3 of the Discussion for the asymmetric MIME; (a) the overlap for the 10 mode calculation and fit of the absorption

mode. The electronic origin is determined from the transition in the coupled spectrum and (b) 2 mode pedagogical example of overlap functions for

system. The damping factdF, is 300 cnr?. 1620 and 1237 cm modes individually and their product resulting in a
1379 cn1t frequency domain progression.

There are several other bands observed in the Raman spectra
that are enhanced by the amount expected from the calculationgpresence or absence does not have a significant effect on the
and that can be assigned to asymmetric normal coordinates basetbtal overlap (the product in eq 2).
on the Gaussian electronic structure calculations. Including them 5. Vibronic Structure and the Missing Mode Effect
in the calculation cannot explain the features of the experimental (MIME). The absorption spectrum ¢k33),PD" contains a
absorption spectra because the strong coupling always producesegularly spaced vibronic structure with an average energy of
narrow absorption bands. 1324 cnml. The absence of a mode in the resonance Raman
4. Fit of the Electronic Absorption Spectrum. The absorp- vibrational spectrum that appears to be present in the electronic
tion spectrum of(k33),PD" is calculated by using eq 1, and  spectrum is called the missing mode effect (MIME)3®
the parameters are determined from the resonance Raman pro- The time-dependent overlap for the 10 modes used in
files. The calculated absorption spectrum is shown superimposedthe calculation of the absorption spectrum &33),PD*
on the experimental spectrum in Figure 6. Exactly the same is shown in Figure 7a. The product of the overlaps for all
distortions were used to calculate both the absorption spectrum10 modes used in the calculation gives rise to a single recurrence
and the Raman profiles that are shown in Figures 4 and 5. Theand is responsible for the spacing in the vibronic structure
calculated and experimental spectra are all in excellent agree-in the absorption spectrum. It is a consequence of recur-
ment in all respects including the bandwidths, the band rences of all of the modes in the problem but is dominated by
intensities, and the vibronic structure. This quantitative agree- the modes with the largest distortions. This is an example of
ment provides a stringent check on the parameters and illustratesan MIME.
the relationship between the two different spectroscopies. The origin of the MIME can be understood by examining
Two aspects of the calculated absorption spectrum requirethe overlaps in the time domain. The most important charac-
elaboration. First, both the intensities of and the spacings teristic is the recurrence at timéhat gives rise to the frequency
between the vibronic bands are calculated exactly, but there arespacing in the frequency domain at a frequency ofc2 A
no normal modes of vibration with exactly the frequency as simple pedagogical example of the effect of two modes is shown
that observed in the spacings between the bands in the spectrurin Figure 7b. In this example, the modes at 1620 and 123%cm
This absence of a mode that appears to be required by theare chosen. The individual overlaps peak at different times in
vibronic structure is common in the spectra of large molecules the time domain (labeled &ss20 andtizs7 in Figure 7b), and
in condensed media and is known as the missing mode effectthe product (eq 2) peaks at an intermediate time (labigieg.
(MIME); its origin is explained in the following sectiott.3° Therefore, the observed progression has a spaging: = 27/
The origin of the MIME in the spectrum ¢k33),PD" is also ctiz7gin the frequency domain. Two or more displaced modes
explained in the following section. Second, the presence of the can conspire to give a partial recurrence that is not caused by
asymmetric mode of Figure 2 has very little effect on the width any mode alone. The compromise recurrence is not just the
and structure of the absorption band. The calculated spectrumaverage ofigz0andti2sz The MIME frequency may be smaller
shown in Figure 6 contains the asymmetric band; the total time- than any of the individual frequencies, but it is usually between
dependent overlap (eq 2) includes the nine symmetric modesthe highest and lowest frequencies and cannot be larger than
and the asymmetric mode. The spectrum calculated without thethe highest frequency. The MIME is most clearly interpreted
asymmetric mode is almost identical. The reason is readily in emission spectra because the vibrational frequencies are those
explicable in the time domain; the time-dependent overlap of the ground state for which the frequencies can be measured.
involving the asymmetric mode is almost constant, and its In absorption spectra, the vibrational frequencies in the excited
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electronic state are relevant and they may differ from those in Resonance enhancement provides detailed information about
the ground state. distortions along normal coordinates; the excitation profiles of
Each of the displaced modes in the molecule can contribute the (k33),PD* ion reveal that symmetric normal modes are the
to the MIME frequency. Each of these modedas a time most highly displaced. The largest distortions are along sym-
dependence whose magnitude is given by eq 8. The larger themetric carbor-nitrogen and aromatic ring stretching and
displacemeni, the sharper the peaks in the plot of the overlap bending modes. The magnitudes of the displacements are
of ¢ and¢(t). The total product overlap will have an MIME  calculated from the integrated intensities in the Raman spectrum.

closest toty = 27/cwy for that mode with the largeshy. A Raman excitation profiles are calculated using a ten-dimensional
simple formula for estimating the MIME frequency from the potential energy surface and the time-dependent theory of
displacements has been deriv&d:® spectroscopy. Excellent fits to the profiles are obtained. The

A requirement for the appearance of the MIME is that the asymmetric coordinate gives rise to Raman intensities that are
spectrum must not be fully resolved. If the damping is too small, an order of magnitude smaller than those for the displaced
then there will be many recurrences of the overlap in the time symmetric coordinates.
domain and the absorption spectrum will exhibit sharp, well-  The intervalence absorption spectrum is calculated by using
resolved lines. If the damping is too large, then there will be eyactly the same ten-dimensional potential surface that was used
no recurrences of the overlap and the spectrum will consist of 15 calculate the resonance Raman excitation profiles. An
only a broad envelope. The emission spectrum of W(dppe) excellent fit to both the transition energies and the band shape
(N2)2 showed how changing the damping by changing the jncluding the vibronic structure is obtained. The spacing between
temperature caused the spectrum to change from a series of welline vibronic peaks is not the result of a progression in a single
resolved lines to the MIME? normal mode but is an example of the missing mode effect
(MIME). The analysis of the class Il absorption band using

. . . . quantitative resonance Raman spectroscopic data illustrates the
The transition energy of the intervalence electronic absorption importance of the symmetric normal vibrational modes in

band.of the strongly coupled .class.(H33)2PE.)+ ion can be addition to the asymmetric mode that is the usual center of
explained in terms of coupled diabatic potential energy surfaces attention

in an asymmetric normal coordinate with a coupling of 8120

cmL. This simple model predicts that the spectrum should  Acknowledgment. This work was made possible by grants
consist of a single narrow line. The experimental absorption from the National Science Foundation (CHE 0206857 to J.I.Z.,
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Summary

(64) Larson, L. J.; Zink, J. llnorg. Chem.1989 28, 3519. JA021343V

J. AM. CHEM. SOC. = VOL. 125, NO. 19, 2003 5947



