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The structural and vibrational properties of streptocyanine dyes, expressed gsf(@H)xN(CHs),] *ClO,~

(called S& in this paper) withx = 2n + 1 (n = 0—10), are examined by measuring the infrared (IR) and
Raman spectra in solution and in the polycrystalline statexfer 1, 3, 7, 9) and by carrying out density
functional calculations at the BHandHLYP/6-31G* level. It is shown that the strong IR bands observed and
calculated in the 1806800 cm! region arise from the normal modes containing large contributions from

the vibrations along the bond-alternation coordinate of the conjugated chains. As the conjugated chain becomes
longer, the strongest IR band shifts toward the lower-wavenumber side, inducing noticeable changes in the
spectral pattern, and the total IR intensity increases significantly. The shifts to lower wavenumbers and the
changes in the spectral pattern are explained by the decrease in the intrinsic wavenumber of the bond-alternation
mode. A two-state model Hamiltonian, which involves electrgibbration interaction of the bond-alternation

mode, reasonably explains the IR intensity enhancement. In the Raman spectra of SC7 and SC9, a few strong
bands appear in solution which are not seen in the polycrystalline state. These Raman bands are considered
to arise from the same vibrational modes as the strong IR bands, as in the case of similar Raman bands
observed previously for SC5 in solution. The relative Raman intensities of the bands are, however, larger in
the spectra of SC7 and SC9. These results provide strong evidence for the validity of the mechanism proposed
previously that the electrefvibration interaction in the conjugated chain and the intermolecular interaction
with the perchlorate ions (existing at various positions near the conjugated chain in solution) give rise to the
strong Raman intensities of these bands. It is also suggested that the appearance of these bands is a good
signature of the large vibrational contributions to the polarizability tensors in this type of conjugated molecules.
The diagonal and off-diagonal force constants of the CC stretches in the conjugated chains are analyzed. It
is shown that the conjugated chains of streptocyanine dyes are more strongly correlated than those of neutral
polyene chains.

patterns of the dyes on silver halide grains. As a basis for
analyzing the adsorption patterns of the cyanine dyes at the

Cyanine dyes with conjugated methine chains are widely used
as spectral sensitizers in the silver halide photographic system.
This is because the photosensitive region of silver halides may
be altered by changing the chain lengths of the dyes and because
the electronic absorption spectra of the dyes become very shar
as they form J-aggregates on the surface of silver halide grains.
It is expected that the efficiency of cyanine dyes as spectral
sensitizers may be improved by controlling the adsorption

molecular level by vibrational spectroscopy, it is important to
examine the vibrational spectra of the dyes themseives.

Molecules with conjugated methine chains (including push
ull polyenes) have also been studied as materials exhibiting
arge nonlinear optical respon¥e?? It is suggested that the
signs and magnitudes of the hyperpolarizabilities may be
changed by controlling the bond alternation of the conjugated
chains, which varies with the strengths of electron donors and
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48-858-3379; e-mail, tasumi@chem.saitama-u.ac.jp. recognized that the vibrational contribution to the hyperpolar-
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izabilities is comparable to (or sometimes larger than) the H H, H H
electronic one in this series of moleculés?? Since dipole CI | | |
derivatives and polarizability derivatives with respect to vibra- ~7B C C)\ Cs.,

i X N X R N i / CaR v N

tional coordinates determine the vibrational contribufid?fit HH \NL’/ ‘C’/ NR/ \HH
is important to examine the properties of these derivatives in | | I

detail. Studies on these derivatives are also important to gain H

L ; . . Cc C
deep insight into the features observed in the infrared (IR) and H7 "y 2 v \“H
Raman spectra, because they determine the IR and Raman H

intensities of normal modes as well.

In our previous study,the IR and Raman spectra of a y
pentamethine streptocyanine dye [(5-dimethylaminopenta-2,4- Figure 1. Coordinate axes and the numbering of atoms for the organic
dienylidene)ammonium perchlorate, alias SC5] have been portion of SC(2+1).
observed in dimethyl sulfoxide (DMSO) solution and in the
polycrystalline state, and vibrational analysis has been carriedfor longer cyanine dyes in solution. Observation of such bands
out by Comparing the observed Spectra with those Ca|Cu|atedWi” provide strong evidence for the valldlty of the mechanism
by the density functional method. The features observed in the Of generating Raman intensities proposed in ref 21.

IR and Raman spectra have been shown to be well-reproduced [N the present study, we observe the IR and Raman spectra
by the calculations, indicating that the vibrational force field, ©Of streptocyanine dyes with one to nine methine groups,
dipole derivatives, and polarizability derivatives obtained from expressed as [(CGHEN(CHLN(CHs)z] "CIO,~ with x =1, 3, 7,

the calculations are sufficiently reliable. Some interesting @nd 9 (Figure 1, denoted by S@ereafter), and compare the
characteristics have been clarified from the vibrational analysis. observed spectra with those calculated by the density functional
(1) Two strong IR bands observed at 1570 and 1206'@rise method, cor_nplementmg our previous stbidp a pentam(_athlne
from the delocalized H modes along the bond-alternation Stréptocyanine dyex(= 5). Calculations are also carried out
coordinate (mixed with the CH bends), in which the CC and for streptocyanine dyes with longer conjugated chains @n

NC bonds in the conjugated chain stretch and contract alter- T 1 With n = 5-10). The chain length dependence of the
nately, and the strong IR intensities are explained by the large Vibrational properties is examined in detail.

charge fluxes induced by these modes due to the strong
electron-vibration interaction. (2) The dipole derivatives of the
CC and NC stretches of the conjugated chain are so large that IR spectra were measured in DMSO solution and in KBr disk
the IR intensities of many normal modes are dominated by the on Fourier transform IR spectrophotometers (Nicolet 5DX and
contribution from the CC and NC stretches, even for some Digilab FTS-40) at 4 cm! resolution. Raman spectra were
modes characterized as the methyl deformation or CH in-plane measured on a Fourier transform Raman spectrophotometer
bending in terms of potential energy distribution. (3) The off- (Bruker RFS-100) with 1064 nm excitation at 2 chmesolution,
diagonal force constants for the CC and NC stretches in the both in DMSO4s solution and in the polycrystalline (powder)
conjugated chain are large in magnitude and decrease slowlystate, except for the Raman spectrum of SC9 in the polycrys-
as the relevant bonds become distant, as compared with the castalline state, which was measured on a JEOL JIR-5500 Fourier
of neutral polyene chains. It has been concluded from thesetransform Raman spectrophotometer with 1320 nm excitation
results that the conjugated chain of SC5 is a more strongly at 4 cnt?! resolution.

correlated system than neutral polyene chains. To find out how Density functional (DF) calculations were performed by using
general these findings are for streptocyanine dyes and how theythe BHandHLYP (Becke’s half-and-half hybrid met&6gvith
depend on the chain length, it is necessary to carry out similar the Lee-Yang—Parr correlatioy-?9 functional in combination
vibrational analyses for streptocyanine dyes with various chain with the 6-31G* basis set. The Gaussian 92/DFT and Gaussian
lengths. Such analyses are crucial to correlate the observed®4 program¥®-3°were used on Kubota TITAN-3020 and Silicon
spectral features to the structural and vibrational characteristicsGraphics Power Onyx workstations. Part of the calculations were
of the dyes, as well as to understand the mechanism giving risecarried out on IBM SP2 computers at the Computer Center of
to the spectral features. the Institute for Molecular Science. The perchlorate ion was

We have also found in ref 9 that Raman bands with medium Not included in the calculations. The cationic (organic) portion
intensities appear at 1574 and 1207-érim solution which are ~ 0f SXis called the S€organic portion (abbreviated as S0P)
not seen in the polycrystalline state. It is considered from the hereafter. Numerical integration of functionals were performed
comparison of the observed and calculated vibrational wave- Py using the “fine” integration grid in both the Gaussian 92/
numbers that these Raman bands arise from the same vibrationaPF T @nd Gaussian 94 programs. _
modes as the strong IR bands observed at 1570 and 1206 cm Based on the vibrational force fields obtained from the DF
in which the conjugated chain of SC5 vibrates along the bond- calculations, vibrational analyses were carried out with the
alternation coordinate. From the analysis employing a two-state Programs written by one of the authors (H.T.) on M880 and
model Hamiltoniar?-25it has been suggested that these modes S-3800 computers at the Computer Center of the University of
appear in the Raman spectrum in solution because of the TOKYO.
electron-vibration interaction in the conjugated chain and the
intermolecular interaction with the perchlorate ions existing at

X

2. Experimental and Computational Procedures

3. Results and Discussion

various positions near the conjugated chain in solutfoAs A. Observed and Calculated Spectra and Characterization
shown in eq 13 of ref 21, the polarizability derivative induced of Normal Modes. The IR spectra of SC1, SC3, SC7, and SC9
by this mechanism is approximately proportional ta/f)?, observed in DMSO solution are shown in Figures 2a,c and 3a,c,
whereup is the electronic transition dipole moment ands respectively. Solvent bands are subtracted in these spectra. The

one-half the electronic excitation energy. It is therefore expected strongest IR band is observed at 1701 ¢fior SC1, 1626 cm’
that stronger Raman bands of similar character may be observedor SC3, 1570 cm! for SC5? 1534 cn1? for SC7, and 1507
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Figure 2. IR spectra of SC1 (a) observed in DMSO solution and (b) Figure 3. IR spectra of SC7 (a) observed in DMSO solution and (b)
calculated at the BHandHLYP/6-31G* level and IR spectra of SC3 (c) calculated at the BHandHLYP/6-31G* level and IR spectra of SC9 (c)
observed in DMSO solution and (d) calculated at the BHandHLYP/ observed in DMSO solution and (d) calculated at the BHandHLYP/
6-31G* level. The solvent bands remaining after subtraction are marked 6-31G* level. See also the caption for Figure 2.
with pluses ¢). The bands originating from the perchlorate ion are
marked with asterisks (*). sufficiently reliable. The chain-length dependence of the
calculated total IR intensities will be discussed in section 3B.
cm* for SC9, indicating a gradual decrease in wavenumber as  The vibrational patterns of some strongly IR-active modes
the chain Iength increases. The IR intensity of this band, as of SC70P and SC90P are shown in Figures 5 and 6’
compared with those of the perchlorate bands marked with respectively. The normal modes are numbered in the same way
asterisks, increases significantly as the conjugated chain becomegs those of SC50®It is clearly seen that the CC and NC bonds
longer. It is also noticed that the IR bands in the 137090 in the conjugated chains stretch and contract alternateiygin
cm-! region become stronger as the chain length increases. and v,y of SC7OP and invas and vsg of SCOOP, which are
The IR spectra of SC(x =1, 3, 7, 9) observed in KBr disk  strongly IR-active. These modes are therefore described as
are shown in Figure 4. All the IR bands observed in KBr disk delocalized vibrations along the bond-alternation coordinate of
are significantly broader than those observed in solution, and the conjugated chains (mixed with the CH bends), and their
the bands in the 1266800 cnt? region are congested and strong IR intensities are explained by large charge fluxes induced
overlap significantly with perchlorate bands, as in the case of in the chaing:253%33 For the other four modes shown in Figures
the IR spectrum of SCS%.However, the decrease in the 5 and 6, however, the contributions of the vibrations along the
wavenumber of the strong IR band in the 18A@00 cnr? bond-alternation coordinate are smaller.
region is clearly seen also in this figure. To examine the origin of the IR intensities in more detail for
The IR spectra of SKOP k = 1, 3, 7, 9) calculated at the  the modes shown in Figures 5 and 6, the value8ugfoS x
BHandHLYP/6-31G* level are shown in Figures 2b,d and 3b,d. 9S/0Qm and the potential energy distribution (PED) are calcu-
It is seen that the calculated vibrational wavenumbers (scaledlated and shown in Tables 1 and 2, wheyg/dS is the x
uniformly by 0.9326, which is obtained by least-squares fitting) component (along the chain axis) of the dipole derivative with
and relative IR intensities are in good agreement with the respect to molecular symmetry coordin&eandQy, is themth
experimental results. It is especially noted that good agreementnormal coordinate. The molecular symmetry coordinates are
is obtained for the wavenumber of the strongly IR-active mode defined and numbered in the same way as those of SC50P,
in the 1720-1500 cnt! region, which is sensitive to the and the brief description of the coordinates involved is indicated
computational level as shown in Figure 5 of our previous study in the tables. As explained in ref 8y,/dS x 9S/0Qnm indicates
for SC50P. This result supports the validity of using the the contribution of each symmetry coordinate to the IR intensity
BHandHLYP functional for calculating the vibrational spectra of the mth normal mode, which is proportional {6u/dQm|.
of this series of molecules. It is also noticed that the increase For vzg andvag of SC7OP and fowss andvsg of SCOOP, it
in the relative IR intensities of the modes in the 131090 is seen that the contribution of the CC and NC stretches of the
cm™! region for longer chains is well-reproduced by the conjugated chainsSio—Ss4for SC7OP ands,—Sss for SC9OP)
calculations. The vibrational force fields and the dipole deriva- is predominant in terms of botbu,/d§ x 0S/0Qm and PED.
tives obtained from the calculations are considered to be This result supports the view described above that the IR
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WAVENUMBER / e their large contributions to the IR intensities of these modes.
Figure 4. IR spectra of (a) SC1, (b) SC3, (c) SC7, and (d) SC9 As SqueSted In our previous study on SCSCH’_ED IS not
observed in KBr disk. See also the caption for Figure 2. The center of Necessarily a good indicator of the origin of IR intensity.
half-height is indicated for the strongest IR band (1703 tfar SC1, The Raman spectra of &dx = 1, 3, 7, 9) observed in
1629 cntt for SC3, 1523 cm! for SC7, and 1509 cni for SC9). DMSO-ds solution are shown in Figure 7. For SC1 (Figure 7a),
a single strong Raman band is observed at 1424!cmhich
mainly arises from the symmetric bending of the methyl groups
at thef ando positions (see Figure 1). In the Raman spectrum
of SC3 (Figure 7b), a few bands are observed with significant
intensities. The strongest band is observed at 1656 cand
arises from a delocalized vibration of the conjugated chain mixed
with the CH bends. The character of this mode is similar to
that of vg (at 1658 cm?) of SC5? The above spectral features
are also seen in the Raman spectra observed in the polycrys-
talline state, which are shown in Figure 8a,b.

In the case of SC7, however, the spectral pattern observed
in DMSO-ds solution is different from that observed in the
polycrystalline state. As shown in Figure 7c, Raman bands with
significant intensities are observed at 1645, 1567, 1536, 1406,
1304, 1192, 1165, and 1123 cin solution. Among these,
the bands at 1536 and 1165 chare not observed in the
vy 1178 cm! (1165 em™Y) polycrystalline §tate showr) in Figure 8c. The§e tyvo Raman

bands are considered to arise from the same vibrational modes

as the strong IR bands observed at 1534 and 1163 (faigure

3a), characterized as the vibrations along the bond-alternation

coordinate of the conjugated chain (mixed with the CH bends).

In the case of SC9, the Raman bands at 1634, 1413, 1299, and
Vs, 1102 cm! (1107 cm!) 1124 cmr! are observed both in solution and in the polycrys-
talline state, but the bands at 1512, 1147, and 1101'@re
observed only in solution. The latter three bands are also
considered to arise from the same vibrational modes as the
strong IR bands, which are observed for this molecule at 1507,
intensities of these modes derive from large charge fluxes in 1144, and 1098 cni (Figure 3c), to which the contributions
the conjugated chains. For most of the other modes shown inof the vibration along the bond-alternation coordinate are
the tables, the contributions of the methyl bends and rocks aresignificant as shown in Table 2. While the Raman bands of the
large in terms of PED. However, for these modes also the same character have only medium intensities in the case of SC5,
contributions of the CC and NC stretches of the conjugated the 1536 cm! band of SC7 and the 1512 cihband of SC9
chains are significant in terms 6f,/0§ x dS/dQm, indicating are the strongest in their Raman spectra, in accord with the

V3 1536 cm’! (1534 cm™)

Vy3 1414 em™! (1397 em™!)

Figure 5. Vibrational patterns of the modes of SC7OP inducing strong
IR intensities. The mode numbers and the calculated (observed)
wavenumbers are indicated.
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TABLE 1: 9u,/dS x 9S/eQm and Potential Energy Distribution of the Strongly IR-Active b; Modes of the Organic Portion of
SC7

observed calculated
wavenumber wavenumber IR intensity /9§ x 3S/9Qm PED
mode (cm™) (cm™) (km mol™) coordinaté (D A-tamu?) (%)
Vag 1534 1536 6480 S (NC; str) 2.273 6.7
S (C1C; str) 3.131 15.1
S (C,Cs str) 3.989 20.7
Ss3 (CsCy sitr) 4.069 20.8
S46 (C]_Hl bend) —0.249 14.7
Sy (Csz bend) 0.039 14.2
S48 (C3H3 bend) —0.132 18.1
S5 (Meg sym bend) —0.461 9.2
total 12.384
Va3 1397 1414 1945 S0 (NC; str) 3.908 235
S0 (C.Cs str) -0.414 0.3
Ss3 (CsCy str) 1.935 55
Sas (NC, str) 0.586 6.8
S5 (NCg str) 0.588 6.9
S (Me, sym bend) 0.283 23.2
Sss (Meg sym bend) 0.732 27.5
total 6.784
Vag 1165 1178 4339 S0 (NCy str) 0.839 1.6
S (CiC; str) 3.262 27.8
S5z (C,Cs str) 2.390 12.7
Ss3 (CsCy sitr) 3.428 25.1
Sy (C2H2 bend) —0.026 104
total 10.134
Vso 1107 1102 1581 S (NC; str) 2.740 19.0
Sz (CCs str) 1.469 55
833 (C3C4 str) 1.017 2.5
S5 (NCp str) 0.533 9.3
Sy (Meg ip rock) —0.041 9.8
S7 (Meg ip rock) 0.731 39.6
total 6.117

aAs in Table 3 of ref 9, each coordinate is defined as a linear combination of symmetry-related local coordinates. For 8yampiefined
as p(NLC1) — o(NrC/)]/V/2.

expectation for the intensity enhancement described in sectionbond-alternation mode (BAM) calculated for S@21)OP f

1. These results support the conclusion obtained in ref 21, from = 0—10) are shown in Figure 9. The intensity scale is different
the analysis based on a two-state model, that the eleetron for each species. The bond-alternation coordiSates defined
vibration interaction in the conjugated chain and the intermo- as
lecular interaction with the perchlorate ions existing at various
positions near the conjugated chain give rise to significant _
Raman intensities in solution for the modes with large contribu- Spa = [0(NLCy) + 04 {=0(C5-1Ca) + 0(CaCy)} —

tion of the vibration along the bond-alternation coordinate, while . —1p2

in the crystalline state the perchlorate ions are expéttede 0(ConiaNR)] x (2n+2) 1)
located at symmetric positions and do not give rise to such large
Raman intensities. In other words, the conjugated chains are
deformed in solution along the bond-alternation coordinate
because of the large vibrational contributions to the polarizability
tensors and the electrostatic intermolecular interactions. A
similar ‘symmetry breaking’ effect has recently been observed

in the resonance Raman spectragofih solution3>3¢ According Wwherefga is the diagonal force constant [scaled by (0.93p6)

to the two-state model (eq 12 of ref 21), the IR intensities do for Ssa andgea is the corresponding diagonal element of the
not change significantly by such a symmetry-breaking effect, 5 1 5rix.

in accord with the spectral features observed in Figures 3 and |, the IR spectrum of the shortest chaim £ 0), there is
4 for SC7 and SC9. The symmetry-breaking effect induced by only a single strong IR band at 1710 chand it is close to
intermolecular interactions treated above is different from o intrinsic wavenumber of the BAM (1647 c®). As the
‘spontaneous’ symmetry breaking treated in ref 37, while conjugated chain becomes longer (in the range «f 4), the

electron-vibration interactions are important in both cases. The gtrongest IR band gradually moves toward the low-wavenumber
role of electror-vibration interactions and electrostatic inter-  gige to 1508 cmt for n = 4, as described in section 3A, but

molecular interactions in generating spectral features deservespe intrinsic wavenumber of the BAM moves to a greater extent

n

whereo(XY) denotes the stretching coordinate of the Xbond
and the numbering of atoms is shown in Figure 1. The intrinsic
vibrational wavenumberga is calculated as

Vga = 1302.791x (f5aGpa) "> )

further studies. (to 1340 cnr for n = 4) so that they get gradually separated
B. Chain Length Dependence of the Wavenumber of the  from each other. At the same time, the IR intensities of the
Bond-Alternation Mode and the Total IR Intensity. The IR normal modes in the 12661000 cnt! region become larger.

spectra and the intrinsic vibrational wavenumbejaj of the At n =5, normal modes with significant IR intensities exist in
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TABLE 2: 9u,/dS x 9S/eQm and Potential Energy Distribution of the Strongly IR-Active b, Modes of the Organic Portion of
SC9

observed calculated
wavenumber wavenumber IR intensity /9§ x 3S/8Qm PED
mode (cm™) (cm™) (km mol™) coordinaté (D A-tamu1?) (%)
Vaa 1507 1508 8662 S (NC; str) 2.133 4.2
S5 (CiC; str) 2.554 7.8
Ss6 (C,Cs str) 3.148 9.4
Ss7 (CsCy str) 3.646 13.3
533 (C4C5 str) 4,529 18.2
S (C;LH]_ bend) —0.245 11.5
%5 (C3H3 bend) —0.106 10.7
Sse (CsH4 bend) 0.034 13.6
S3 (Meg sym bend) —0.744 15.7
total 14.318
Vag 1391 1396 2652 S (NC; str) 4.698 23.9
S5 (CiCy str) —0.737 0.8
Ss6 (C,Cs str) 1.067 1.3
Ss7 (CsCy str) 1.613 3.0
Sso (NC, str) 1.040 14.4
S5 (CsHs bend) —-0.101 11.3
S (Meg sym bend) 0.451 6.7
Sea (Meg ip asym bend) —0.220 10.1
S5 (Meg ip rock) —0.456 6.3
total 7.923
Vs6 1144 1153 6911 S5 (CiCs str) 3.195 20.8
S (C2C3 str) 2.879 13.4
Ss7 (C3Cy str) 2.928 147
Sss (C4Cs str) 3.675 20.5
S5 (Meg ip rock) —0.559 14.0
total 12.788
Vs7 1098 1095 5226 Sas (NC; str) 3.520 21.8
535 (C]_Cz str) 0.482 0.5
Ss6 (C,Cs str) 1.930 6.7
537 (C3C4 str) 2.214 9.3
Sss (C4Cs str) 1.753 5.2
S (NCg str) 0.627 104
S (Me ip rock) —0.043 12.9
S5 (Meg ip rock) 0.751 27.9
total 11.121

a See corresponding footnote for Table 1.

the 1500-1400 and 11561050 cnt? regions, and the intrinsic The chain-length dependence of the total IR intensity is shown
wavenumber of the BAM (1284 cm) lies halfway between in Figure 10. An approximate quadratic dependence of the IR
the two regions. The strongest IR band is now seen at 1080intensity onnis clearly seen. In other words, the relevant dipole
cm1. As the chain length further increasas € 6—9), this derivative is approximately proportional t@ This result is
strongest IR band moves gradually toward the low-wavenumber reasonably explained by considering that the vibration along
side to 925 cm? for n = 9, but the intrinsic wavenumber of ~ Ssa is mainly responsible for the IR intensities and by employing
the BAM moves to a greater extent (to 1072 ¢nfior n = 9) the two-state model Hamiltonian presented in our previous
so that they gradually approach each other. The relative weightstudies?>?> According to the formulation based on the model
of the strongest IR band is so largerat= 7—9 that this band Hamiltonian, the dipole derivative with respectSgn, du/dSsa,
predominates in the IR spectra. At= 10, it is seen that the is expressed as

strongest IR-active mode is mixed with another mode so that

there are two strong IR bands at 882 and 837 %tm ou KeaSiitp

These results suggest that the vibration al8ggis the main 0S50 Eeq
origin of the IR intensities and the mixing of the BAM with
other vibrations determines the main features of the IR spectra.wherekga is the diagonal force constant f85a, & is one-half
As the conjugated chain becomes longer, the intrinsic wave- the difference in the value disa between the minima of the
number of the BAM decreases and strong IR bands appear intwo diabatic potential energy curves supposed in the model
a lower-wavenumber region. This conclusion is consistent with Hamiltonian, ancip andEgq are the transition dipole moment
that obtained in section 3A from the comparison of the observed and the excitation energy, respectively, of the electronic
and calculated IR spectra and the detailed vibrational analysestransition between the two adiabatic stateg, S, andEcgare
carried out for SC(@+1)OP withn = 0—4. It is also consistent  equal, respectively, tok2Qo, and 2 in the notation used in ref
with previous theoretical studi®s*®3%suggesting that variation 21 and 25.kga is obtained from the calculations at the
in the force constant foBsa (or equivalently the electron BHandHLYP/6-31G* level described abov&, is estimated to
vibration coupling paramet&39 gives rise to the difference  be 0.05x (2n + 2)Y2[A] in the same way as in refs 21 and 25.
in the wavenumbers of the strong IR bands observed for doped(However, in contrast to refs 21 and 25, the CN stretches are
and photoexcited polyacetylene chains. included inSza in the present study to maintain consistency

®3)
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Figure 7. Raman spectra of (a) SC1, (b) SC3, (c) SC7, and (d) SC9
observed in DMSQ3;s solution. See also the caption for Figure 2.
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Figure 8. Raman spectra of (a) SC1, (b) SC3, (c) SC7, and (d) SC9
observed in the polycrystalline state. See also the caption for Figure 2.

with the analysis shown in Figure 94p and Eeq may be
obtained by carrying out ab initio molecular orbital (MO)

calculations for the electronic excited state. In the present study,
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Figure 9. IR spectra (bars) and intrinsic vibrational wavenumbers of
the bond-alternation mode (triangles connected with broken lines)
calculated for SC(@+1)OP fi = 0—10).
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Figure 10. Chain-length dependence of the calculated total IR
intensities of SC(@+1)OP (filled circles). The solid line (drawn as a
guide to the eye) indicates a quadratic dependence on the chain length

(n).

calculations at the CIS (configuration interaction sindféigyel
with the 6-31G* basis set have been performed to estimate the
values ofup and Eeq for SC(Nn+1)OP withn = 2—10.

The values ofgu/dSsa estimated by using eq 3 and the
parameters involved in this equation are shown in the second
through sixth columns of Table 3. It is clearly seen that an
approximate linear dependence @f/0Ss4 on n is obtained,
especially in the range of < 8. Compared with the values of
duldSsp directly obtained from the calculations at the BHandH-
LYP/6-31G* level, the values estimated by eq 3 are slightly
smaller. However, scaling of the latter values by 1.33 (the
seventh column) results in good agreement in the range<of
8. The values ofu/0Ssa estimated by eq 3 tend to saturate for
SC(2+1)OP withn = 9, but those directly calculated at the
BHandHLYP/6-31G* level do not. This discrepancy, as well
as the difference in the absolute values@foSsa obtained by
the two methods, may arise from the lack of sufficient reliability
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TABLE 3: d u/dS for the Bond-Alternation Coordinate (Sga) 7.4
of the Organic Portion of SC(2n+1) Derived from a T.7< | s
Theoretical Model and from DF Calculations and the <, Y
Parameters Used in the Model 2 7.0 2.
o
du/dSea (D A7) ; ] -,
o Eeg kea S model, direct 2 e6d L
n (D) (V) (mdynA1Y (A model scaled -calcd 2 - ] $°
2 103 450 5.28 0.122 185 24.6 26.7 8 T : ; R
3 127 3.78 4.71 0.141 28.0 37.3 38.0 8 6.2 1 ¢ e
4 149 3.29 4.27 0.158 38.2 50.9 50.3 x H
5 17.0 294 3.89 0.173 486 64.8  63.6 e 7 %
6 189 267 3.55 0.187 58.6 78.1 77.8 58 : : : .
6 222 229 204 0212 756 1008 1089
9 236 215 267 0224 8.7 1090 1259 _ . BOND LENGTH/A
10 25.0 2.05 2.41 0.235 86.0 114.7 1435 Figure 11. Relation between the CC bond lengths and the relevant

diagonal force constants in the conjugate chains of S€20P 6 =

in the values ofup and/or E¢4 calculated at the CIS/6-31G*

level (especially overestimation in the values Ef; at this T os
theoretical level), from the rough estimation of the values of s
S, from some factors not involved in the model Hamiltonian, E 061 (a)
and/or from systematic overestimation @fi/0Ssa at the 5 044
BHandHLYP/6-31G* level. £ 024
C. Vibrational Force Constants. The calculated diagonal § 0.0
force constants for the CC stretches of S&(2)OP fi= 1-10) W .02
are plotted against the CC bond lengths in Figure 11. An S o4
approximate linear relationship between the two quantities is . ' ! '
clearly seen. In other words, the vibrational force field of the 0.2
conjugated chain in each species is strongly related to its -0.4 (b)
structure. 08
As shown in Figure 7 of ref 41, a similar linear relationship = 08
has been obtained for the=€C and C-C stretches of neutral g 107
polyene chains, although the gradients of the lines obtained from 1.2
linear regression are different between thee@ and C-C 144
stretches. The diagonal force constants of theQCand G-C et T o - 2

stretches are distributed in the-Z0 and 4.5-5.5 mdyn Al

1-10).

BOND SEPARATION (m)

regions, respectively, and the linear regression lines in these

two regions intersect around the point with the bondllength of in the conjugated chains of SC210P as a function of the separation
1.4 A and the force constant of 6 mdynm# which falls in the (m) between the relevant CC bonds. (b) Semi-log plot of the magnitudes
region shown in Figure 11 of the present study. The points of the off-diagonal force constants involving the first CC bond in the

plotted in Figure 11 therefore interpolate the regions of typical conjugated chains of SC210P, drawn separately for positive (circles)
C=C and C-C bonds. and negative (triangles) force constants.

The calculated off-diagonal (coupling) force constants for the 4 concluding Remarks

CC stretches of SC210P are plotted against the separation of o )
the relevant CC bondsr(for thejth and {+m)th CC bonds) in In the present study, the structural and vibrational properties
Figure 12a. The force constant is positiverifis odd and of streptocyanine dyes are examlne_d both experlme_ntally and
negative ifm is even, and the magnitude decreases gradually theoretically, with special emphasis on their chain-length
asmincreases. The same behavior is also seen for the couplingdependenC_G' It is shown that the main fegtures in the IR spectra
force constants of the €C and G-C stretches of neutral &€ determined by the normal modes with large contributions
polyene chainé! where the force constant is negative between from the vibration alongss, because large dipole derivatives

two C=C bonds and between two—€C bonds and positive ahre mducedl in the c_gnju_gat_ed chal_ns byTt:ese TIOFS?S owing to
between &C and C-C bonds, and the magnitude decreases the strong electronvibration interactions. The total IR intensity
. increases quadratically as the chain length increases. The same
as the relevant bonds become distant. : . :
] : _modes also appear in the Raman spectra in solutiom(fo2)

However, thg magnltude of the gouplmg force constapt varies pecause of the symmetry breaking induced in the conjugated
more slowly withm in streptocyanine dyes. The magnitude of - chains by the electronvibration interactions and the electro-
the coupling force constant involving the first CC bond is shown static intermolecular interactions. This spectral feature also
as a semilog plot in Figure 12b, separately for the positive and pecomes more prominent as the chain length increases. These
negative force constants. The gradient of this plot is ab@u04 results are reasonably explained by the two-state model Hamil-
in the range ofm = 5. By contrast, the gradient of a similar  tonian employed in our previous studég?demonstrating the
plot for neutral polyene chains is abot0.2, as indicated in  validity and usefulness of this model Hamiltonian. It is hoped
ref 41 as the exponent in the empirical expressions derived forthat the knowledge obtained in the present study on the
fitting the calculated force constarffslt is therefore concluded  mechanism giving rise to the spectral features of streptocyanine
that the conjugated chains in streptocyanine dyes are moredyes is useful in gaining deep insight into the correlation among
strongly correlated than those in neutral polyene chains. the structural, electronic, and vibrational properties of molecules

Figure 12. (a) Off-diagonal force constants between the CC stretches
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with conjugatedr electron systems in general and in improving
the efficiency of these molecules in various practical applica-
tions.
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