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Vibrational Characteristics and Vibrational Contributions to the Nonlinear Optical
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The frequency shift and IR and Raman intensity changes of the characteristic vibrational mode of a push
pull polyene in polar solvent are described theoretically by using a simple two-state model. Depending on
the electronic structure of the ground state in solution, the characteristic vibrational frequency can be either
red-shifted or blue-shifted as the solvent polarity increases. The IR and Raman intensities are also found to
be greatly influenced by the solvation. Finally, the solvation effects on the vibrational contributions to the
molecular hyperpolarizabilities are briefly discussed.

I. Introduction properties of pushpull polyenes can be successfully explained

by using the valence-bond charge-transfer (VB-CT) model in

Nonlinear optical properties of pustpull polyenes have been  combination with the Marcus thedfor solvation of electron

studied extensively in the recent decade because of theirdonoracceptor system. Their empirical approaches to obtain-
possibilities for photonic and optoelectronic applicatiér. ing a few parameters needed were accurate enough to reproduce
This type of polyenes consist of electron-donating and -acceptingthe experimental results obtained by Marder and co-workers.
groups, and a conjugated linker. As has been shown recently,with an emphasis on the self-consistent nature we calculate the
the strong electronvibration coupling is an interesting intrinsic  magnitude of the solvation-induced vibrational frequency shift
feature of this type of molecules. Also in connection with this as well as vibrational intensity changes in IR and Raman.
aspect, it was found that there exists a strong IR-active Furthermore, the vibrational contributions to the molecular
vibrational mode associated with stretching motions of carbon hyperpolarizabilities are also discussed as a function of solvent
atoms. Only this vibrational normal modso-called effective  polarity.
conjugation coordinaté or dimerization coordinate defined as
the in-phase stretching of all=€C bonds and a simultaneous
shrinking of all C-C single bonds of the chairis strongly
associated with the modulation of the ground-state dipole It is assumed that the model Hamiltonian describing the
moment. This mode will be denoted as Q-mode. Besides the push-pull polyene with the characteristic vibrational mode is
push-pull polyenes, the Schiff bases, charged polyenes, andgiven as
peptide bond do have a common feature, that is to say, their IR

Il. Vibrational Characteristics

intensities are unusually larg&.2° Recently, these phenomena K(Q — QC)? —t
were theoretically investigated by Torii and Tasumi by usinga H = B N 0 \2 (2)
simple two-state model for the electronic structures of these —t Vo + H2k(Q —Qcr)? + AEsol

molecules and performing ab initio molecular orbital calcula-
tions3° They found that the electronic structure predicted by where the electronic energy gap between the two states in an
the two-state model, often called valence-bond charge-transferisolated molecule is denoted ¥s , andt denotes the transfer
model in ref 16, is strongly coupled to the vibrational motion, integral and was estimated to be 1.1842%8VThe electronic
and discussed this effect by using the charge fluxes. structure of the ground state is thus assumed to be given as a
On the basis of the presence of highly mobile conjugated linear combination of the two basis functions denotedas]
z-electrons strongly coupled with the particular nuclear dis- @ndlécrll As usual, we assume that the wave function of the
placement, Zerbi and co-workéfsand Kim et al® recently VB state is orthogonal to that of the CT state, il$ys|¢ctl=
showed that the vibrational contributions to the molecular O- The vibrational force constaktwas estimated to be 33.55
hyperpolarizabilities are quantitatively similar to the electronic €V/A22%32 The two equilibrium positions associated with the
ones. Therefore, it was suggested that the vibrational spec-VB and CT states are denoted @§; and Q2;, respectively,

troscopies can be directly used to estimate the magnitudes ofand they are given 3@35 = - Q%T = —0.12 A, so that the
the hyperpolarizabilities. maximum bond length alternation (BLA) is assumed to be 0.12
In this paper we focus on how the solvation of a puphill A. Finally, the solvation energy difference between the VB

polyene modifies the vibrational characteristics, such as vibra- and CT states is denoted A& 0 EZy — Ejg in eq 1.

tional frequency and IR and Raman intensities. Here we closely =~ The electronic ground-state wave function is then givepgas
follow theories presented by Chen, Lu, and GoddaréllThey = (1 — )Y2pyp + f Y2pcr where the fraction (weighting factor)
showed that the solvation effect on the nonlinear optical of the CT state in the ground state is representefl byhe CT
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; T ' . . We next focus on the IR intensity of Q-mode, which is

- 1
Soel @ | proportional to the square 0d¥ly/dQ)o:
80.8— R 2
Q
§a7- - (aMg'z) = (B_f) Uer = — 2 ouer (6)
Sos| ] 9Q Jo  \aQJo [(k0Q, + V)2 + 4t
m05 1 1 1 1 1
018 01 005 BLA 0.05 o1 015 In Figure 1b, the IR intensity is plotted with respect to BLA.
As BLA approaches to zero, the relative IR intensity increases.
! T ' ' ®) This is because the resonance structure of molecules having
c08[ IR Raman E BLA zero exhibits a large modulation of the dipole moment by
Eoel _ the oscillating Q-mode. Second, the Raman intensity is
504 proportional to the square 0fd,49Q)o:
&§04T )
Eoa2r 2 2
aaZZ A2 ol 0 1 _ 6t Uct (kéQO + VO)ké
0 L L L = R —_ —
315 01 005 9 005 01 015 QJ, “T19Q\A©Q)Y]o [(k0Qq + V) + 4t
Figure 1. (a) Ratio,ko’k, as a function of BLA. (b) Normalized IR (7)

and Raman intensitieg(dMg/0Q)o|2 and |(da..9Q)o|.

In Figure 1b, the Raman intensity is plotted with respect to BLA,
characterf, which is a function of the vibrational coordinate as  and we find that the Raman intensity becomes maximu@oat
well as the solvent polarity, is ~ 4+0.05 A.

Based on the theoretical results, egs 5, 6, and 7, with Figure
o) = 1 koQ + 7(e) @ 1, itis possible to draw the following conclusio?fs:
2 2((koQ + ,7(6)}2 + 4t2)1/2 (i) Case 1. BLA< 0: Type I|. This is the case when the
donor and acceptor strengths are relatively weak so that the
where ground state resembles VB state more than CT state. Then, as
BLA increases, the vibrational frequency decreases (red shift),
o= Q\OIB - QOCT IR intensity increases, and Raman intensity increases or
decreases depending on the precise BLA.
n(e) =V, + AE, 3) (i) Case 2. BLA> 0: Type Il. This is the case when the
donor and acceptor strengths are sufficiently large so that the

The adiabatic potential energy surface of the ground state is 9round state resembles CT state. Then, as BLA increases,
vibrational frequency increases (blue shift), IR intensity de-

E(Q = l/2[V0 + 1/2k(Q — Q?/B)2 + llzk(Q — QgT)Z 4 g;eale_i\S' and Raman intensity increases or decreases depending
AE] — Y,[{koQ + n(e)}* + 4] (4) B. Solvation Effects on Vibrational Properties. Now the

solvation is taken into account in the model Hamiltonian. For
Now the equilibrium vibrational coordinate in the ground state the sake of simplicity, the solvation energy of the fictitious VB
will be denoted a®, and it is determined by putting the first  state is assumed to be negligibly small in comparison to that of
derivative ofEg(Q) with respect taQ equal to zero. Inref 16  the CT state containing fully separated charges. Although there

it was shown thaQo(BLA) is related to the CT character & exist various levels of theoretical methods of calculating
= QY5 — f(Q)s — Q2,). It should be noted that the BLAQ, solvation energy, we shall use the simplest method which was
is an implicit function of#;(¢). Based on this model, the originally applied to the electron-transfer problem by Mar&us.
permanent dipole moment of the ground state is giveMgs: Based on VB-CT-S modéP, the solvation energy difference
fucr, whereucr is the dipole moment of CT statect = geRoa. was obtained as

g and Rpa are the effective charge and distance between the
donor and acceptor. & a1 1 1
A. Vibrational Properties without Solvent. Before we take AEg=—,—(1—€e)fq (T tor —) (8)
into account of the solvation-induced effects on various proper- €0 o A Roa
ties, it turns out to be useful to examine the BLA dependencies

of vibrational force constant, and infrared and Raman intensities. Wherero , ra, andRoa denote the effective radii of the donor,
From the Hamiltonian witi\Esq = 0, one can obtain the energy ~ @cceptor, and the distance between the donor and acceptor,

of the ground state and find the vibrational force constant respectively. g is the effective charge developed in the donor
and acceptor in the CT state. is the static dielectric constant

9E 2 of the solvent.
ko= ﬂb:Q =Kk-— 20 v (5) In order to find the optimized in solution, one can use the
Q ° [(kOQ, + Vp)* + 4172 iteration procedure self-consistently. (1) First, calcufatéa

given push-pull polyene without solvent. (2) Use the calculated
As can be seen in eq 5, the force constant differs flom f to evaluateAEgy given in eq 8. (3) Insertind\Esq into the
when the electronic structure is neither VB nor CT state. In model Hamiltonian gives a nefv (4) Iterate the steps (2) and
Figure 1a, we ploky/k with respect to BLA. It is noted that  (3) until the CT characterconverges to the optimuifi. This
the force constant is minimum when the BLA equals zero. This self-consistent approach was used in ref 20 to study the
is understandable since the force constant should be minimumsolvation-induced changes of molecular hyperpolarizabilities of
when the bond order is minimum. 1,1-dicyano-6-(dibutylamine)hexatriene. Here we shall use the
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1 measuring IR spectra of a given pugbull polyene in various

-0.05 0885 polar solvents. Although not shown, the BLA coordinate is

-0.052 (a) T 000 (b) almost linearly proportional to (+ € ~1) so that it is suggested
%-0.054 k] that one could plot various vibrational properties, such as

0056 %0'985 vibrational frequency, and IR and Raman intensities, as a

-0.058 098 function of (1— ¢%) instead.

006 0975 We now consider the force constant of the characteristic

0 10 20 30 40 0 10 20 30 40 . . . .
e e vibrational mode, which is found to be
13 1.015 32E (Q)
2

> 2 k&) =2 lo—q, =k — AK(E) ©)

22 (© & 101 (d) 8Q2 0

s E

] S L .

et 51-005 where the solvation-induced shift of the force constai(),

(14 is
1O 10 20 30 ‘ 40 10 10 20 30 40
’ j Ak 2% 10

Figure 2. Various properties are plotted for type | molecule, 1,1- (€) (10)

= 2 21312
dicyano-6-(dibutylamine)hexatriene. The parameters obtained in ref 20 [(k‘SQO +(€))” + 4]

areVo = 0.833 eV,t = 1.184 eV,Rop =7.30 A; k = 33.55 eV/R. (a)
BLA Vs €. (b) w(e)lw(e=1) vse. (c) IR intensity ratio|(9MgA€)/dQ)o|*/ The characteristic vibrational frequency is therefore shifted,

[(0Mg Ae=1)/0Q)0l,% Vs €. (d) Raman intensity ratiol(da.{€)/9Q)o|%/ ;
\(aazgz(e=1)/3Q)o\2, Vo when the pushpull polyene is solvated, as

0075 1.06 wle k — Ak(e) 12
(0 _ () )
0.07 ~ w(e=1) [k— Ak(e=1)
(@ 104 (b)
§°-065 £ Herew(e=1) is the vibrational frequency of an isolated molecule
006 g102 and it was assumed that the reduced mass does not depend on
the solvent polarity. As can be seen in eq 10, it is observed
0.088 o 6 10 70 30 o thatAk(e) is always greater than zero, so that the force constant
£ & in solution is always smaller than the estimated v&lee33.55
; . eV/A2. However, whether the frequency shows a red shift or
> a blue shift by the solvation is critically dependent on whether
0.9 = .
2 @ d the target molecule belongs to type | or type Il. In Figure 2b,
2os © £ d) the ratio w(e)lw(e=1) is plotted for 1,1-dicyano-6-(dibutyl-
Ee07 £08 amine)hexatriene as a representative example for type I. In this
Cos £ case, the vibrational frequency is red-shifted. In order to
05 &o7 estimate the magnitude of the frequency shift, assume that the
0 10 20 30 40 o 10 20 30 40 vibrational frequencyp(e=1), is about 1600 crit.2! Then the
€ € frequency shift is approximately 35 crhwhen the dielectric

Fﬁgure 3. For type Il molecule with the same parameters given in  constant increases from 1 to 50. Next we calcula(e)/w-
Figure 2 except fok/ = —0.833 eV. (a) BLA vs. (b) w(e)/w(e=1) (e=1) for a type Il molecule and plot them in Figure 3b. In
vse. () IR intensity ratio,|(aMg€)/dQol| (0Mg Ae=1)/3Q)ol*, VS €. contrast, the frequency is blue-shifted by about 80cnThese
(d) Raman intensity ratid{doz(€)/dQ)o|¥|(d0z{e=1)/0Q)o|,? VS €. : !

tendencies can be understood as follows. As mentioned above,

same parameters to demonstrate that the vibrational frequency}"’he.n the BLA eql_JaIs zero, the vibrational force constant is

shift and intensity are greatly changed as the solvent polarity minimum for a given pushpulll 'polyene. Therefore, the

increases. solvatlon_of type | molecule stabilizes the CT state and makes
Depending of the sign of BLA, we separately considered two the BLA increase tov_vard zero. Consequently, the vibrational

types, type | and type Il as mentioned above, that are alsofrequency IS red-shlfted. The opposite effect on type I

associated with the cases\d > 0 andVy < 0, respectively. molecules by solvanp should occur. . .

For example, 1,1-dicyano-6-(dibutylamine)hexatriene belongs The ground-state dipole moment derivative with respect to

to type I. In this case, the ground-state equilibrium coordinate the ch_araptenstlc \_/lbratlonal coordinate is given as, when the

Qo, which is the bond length alternation (BLA), is negative (note SClvation is taken into account

that Q?,B = —0.12 A), and in Figure 2a we ploQ, as a

function of the solvent dielectric constart, As the solvent (%) — —(Ak(e)/k)ﬂiT (12)

polarity increases, the BLA increases. This can be understood 9Q Jo 0

by noting that the CT-state is preferentially stabilized by the

polar solvent. In case of the type Il molecules, the BLA also where Ak(¢) was defined in eq 10. In the case of the type |

increases as solvent polarity increases (see Figure 3a). Heremolecule, the IR intensity increases as the solvent dielectric

the same parameters except thlat= — 0.833 eV are used to  constant increases, whereas the opposite result should be

demonstrate the general patterns. Note that the first hyperpo-observed for type Il molecules (see Figure 2c in comparison

larizabilities of type | molecules are usually positive, whereas with Figure 3c). Note that the intensity change is, in this case,

those of type Il molecules are negative. Therefore, it is now about 26-50% so that this tendency should be easily observed

possible to predict the sign of the first hyperpolarizability by in experiment. These patterns can also be understood by noting
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that the absolute magnitude diMy/0Q)o is maximum when
the BLA equals to zero (see Figure 1b). As the solvent polarity
increases for the type | molecule, the BLA increases from

negative to zero so that the IR intensity increases. On the otherizability: V.

hand, the opposite applies to the type Il molecules.
Finally, we consider the solvation effect on the Raman
intensity, which is proportional to the square of

(BOLZZ) B
Qo

In Figures 2d and 3d, the Raman intensities of type | and Il

| Btucr (KOQg + n(€)kd
({kOQ + ()} + 469>

13)

molecules are plotted. These can also be understood by

Cho

push—pull polyene was obtained in ref 19. Here it is generalized
to the case in solution.

B. Solvation Effect on Vibrational Second Hyperpolar-
The vibrational contribution to the second

hyperpolarizability 1483435

) 1 L\ Moz s, s d0z,|* an
')/ = — —_— —

0Qc Jo\9Qfo  \8Quq

31477 T\
Note that the second term in the summation is associated with
the Raman intensity only, Herzbergeller terms, whereas the
first term contains both the IR (derivatives bly) and hyper-
Raman terms (derivatives ¢@f). In order to complete the

oM

. v .
carefully examining the BLA dependence of Raman intensity calculation of y;,,, experimentally, one should measure IR,

plotted in Figure 1b and by noting the increment of BLA by
the solvation.

It should be mentioned that the results, eqs 7 and 13, are

qualified in the case when ttr'zcomponent of the polarizability
derivative is dominant over other components. Although most
of the push-pull polyenes belong to this case, if other
components contribute significantly to the polarizability deriva-
tive, they should be properly taken into account.

I1l. Solvation Effects on Vibrational Contributions to
Molecular Hyperpolarizabilities

As recently discussed by Zerbi and co-workéend by Kim
et al.}9 the electronic (first) hyperpolarizabilitys®, was found
to be quantitatively similar to the vibrational correspondence,
denoted as8¥, measured experimentally. Furthermore, the
vibrational second hyperpolarizability was also shown to be in
guantitative agreement with the electronic one, when a two-
state approximation is invokéd.

A. Solvation Effect on Vibrational First Hyperpolariz-
ability: v. The vibrational contributions to the molecular first
hyperpolarizability,5Y, within the harmonic approximation, is
given ad834.35

aa,,

1 e[ G IS

where the harmonic vibrational frequency of tkilh mode is
denoted asy. f3,,,can be calculated by measuring the IR and
Raman spectra and extracting the information @y,/0Qi)o

and @a,40Qk)o from them. Here we use the results obtained
above, egs 12 and 13, to study the solvation effecfjon As
usual, it is assumed that there is only one vibrational mode
relevant in the summation of eq 14.

Inserting eqs 12 and 13 into 14 gives

ﬂ;ZZZ ﬂgzzB

1 1

V4

My,
0Qy

ﬂ\ZIZZZ

2147%% T\ 0

(15)

where the electronic contribution3s,, and the additional
factor are given as

g ke (0Q +1(€)
" ({k0Qy + (@)} + 4)?
21,82
Bl = otko (16)

({koQo + n(e)}* + 4™

The relationship betweeft,, and 3;,, eq 15, for an isolated

Raman, and hyper-Raman spectra.
We find thatyy,,,is related toys,,,as

2
9(k<3Qo+77(62)) 2] 8)
8((koQ, + n(€)> — )

where the electronic contributiory;,,, and the factory are
defined as

VZZZZZ ngz%_/[ 1 +

o _ Mucr'I(kQ + n(e))* — 1]
L (kOQy + m(e)y? + 4™

4°kS?
({kOQy + ()} + 4t%)*?

Therefore, the magnitudes of the molecular hyperpolarizabilities
can be approximately estimated from the vibrational spectro-
scopic measurements, by using eqs 15 and 18. Although not
shown in this paper, based on the numerical calculations of
Bi,,andy}  as functions of solvent polarity, we find that the
general trends with respect to the solvent polarity are identical
to f5,,andy5,,,0f a push-pull polyene in solutior?

Y (19)

IV. Summary and a Few Concluding Remarks

In this paper, a theoretical description of solvation effects
on the vibrational frequency shift and intensity changes in IR
and Raman was presented by using a simple two-state model.
It was found that the vibrational frequency should be red(blue)-
shifted for type I(Il) molecules. The IR and Raman intensities
are strongly influenced by the solvation. Therefore, by com-
bining IR and Raman experiments, it is possible to obtain
detailed information on the electronic structure of a given push
pull polyene in solution, which in turn can be used in
understanding the optical nonlinearities in solution. Further-
more, it was discussed that the vibrational contributions to the
molecular hyperpolarizabilities are strongly affected by the
solvation. Recently, Zuliani et &f. carried out experimental
measurements of the first hyperpolarizabilities of several push
pull polyenes in various polar solvents. A detailed comparison
to these experimental data will be presented elsewhere together
with quantum chemistry calculations.
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