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Solvatochromism and Solvation Dynamics of Structurally Related Cyanine Dyes
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Absorption, fluorescence, and magic-angle puipmbe experiments characterize the solvatochromism and
relaxation dynamics of three structurally related near-infrared tricarbocyanine dyes (HDITCP, IR125, and
IR144) in solution. Agreement with solvatochromic theory is found in solvents where the conductivity
approximately matches that predicted for complete ionic dissociation. The nonpolar solvatochromism of
HDITCP and IR125 allows the polar solvatochromism of the IR144 absorption spectrum to be attributed to

a specific functional group. Resonance structure arguments predict a dipole moment decrease upon electronic
absorption by IR144, consistent with the observed solvatochromism. Assuming a point dipole, spherical cavity
reaction field model, self-consistent feedback between the solvent and the polarizable IR144 solute accounts
for 1/2 to 1/3 of the observed polar solvent shifts. A geometry change in the excited state leads to nearly
nonpolar solvatochromism in the IR144 emission spectrum. Femtosecond magic-angtegoobgptransients

show similar underdamped intramolecular vibrational quantum beats in all three molecules, but find solvent-
dependent overdamped responses on a picosecond time scale in all three dyes. The quantum beat decays
determine inhomogeneous vibrational dephasing times of a few picoseconds. Vibrational relaxation, nonpolar
solvation, and dielectric relaxation all take place on similar time scales, but the picosecond relaxations are all
slower and of larger amplitude for IR144 (polar solvatochromism) than HDITCP (nonpolar solvatochromism).

In contrast to HDITCP, IR144 has a prominent solvent-dependent “coherence spikel re@rwhich is
attributed to femtosecond polar solvation dynamics.

. Introduction Condon idead%2*Onsager described the underlying continuum
electrostatic theory of a self-consistent sotuselvent “reaction
field” for a polar molecule in 1938 Subsequent work has
expanded on this idea, sometimes with slightly different
assumptions, and found functions of the dielectric constant and
refractive index to describe both polar and nonpolar solvato-
chromism (the solvent dependence of electronic spettfe.

All these theories assume the chemical state of the molecule is
the same in different solvents and indicate that a polar solvent
response requires both a dipole moment and a change in dipole
upon electronic excitation. Recent studies of solvation in
guadrupolar solvents have found smaller reorganization energies
that can have faster inertial solvation time scales (e.g., benzene

Solvation processes play a crucial role in many chemical
reactions, and there has been a great deal of interest in
understanding both static and dynamic solvent effsctShe
development of femtosecond lasers has allowed direct time-
resolved studies of the spectral shifts accompanying charge
reorganization upon electronic excitatiori® Charge reorga-
nization is usually accompanied by vibrational displacement and
an overall change in molecular size which may occur on similar
time scales, so variation of the solute and solvent are required
for microscopic insight into the motions observed. One approach
has been to study the same solute in different solvents and
attribute differences in response to the solvér€This changes

. . _relaxes faster than acetonitrii$)2°
the entire solvent response, polar and nonpolar. An alternative W d Gedd died th q vati ¢ |
approach varies the solute, and attributes similar responses to est and Gedaes studied the steady-state solvation of severa

the solvent This assumes the solute probes have no intramo- SM@ll carbocyanine dyes and found nonpolar solvéfi@everal

lecular response in common. The approach developed hered'oups have_used various tricar_bocyaning dy?s in nonlinear
compares structurally related dyes which are sensitive to optical experlments to ch'aracterlze solvation tlme scales and
different solvent properties in a series of solvents. If the reached different conclusions about the role of intramolecular

o . 33
responses were independent, this approach would allow agnd S?A"e”‘ relaxat|o_n n thegbservfedh&gﬁa:% TE'S paper d
separation of polar solvation from vibrational motion and escribes comparative studies of the solvatochromism an

relaxation dynamics of three structurally related tricarbocyanine

nonpolar solvation in each solvent. However, simulations dves: HDITCP. IR125. and IR144. R bl ith
indicate that polar and nonpolar solvation are couptett More Yes: o an 144, Reasonable agreement wit
solvatochromic theory is found in solvents where the conductiv-

precisely, such a comparison probes the overall change in the; ) - S

solvation response caused by adding a new polar sehaterent ity approximately matches that predicted for complete ionic

interaction dissociation. It is shown here that the linear spectra of these
In the absence of specific molecular interactions, the overall molecules are sensitive to different sqlvent properties.

solvent dependence of absorption and emission spectra can often It has recently been shown computationally that peipobe

be predicted based on continuum electrostatics and Franck transients can be used to accurately retrieve slow solvation
dynamics3*3>Magic-angle pumgprobe experiments reported

* Corresponding author. Telephone: (303) 492-3818. Fax: (303) 492- here show that the underdamped intramolecular vibrational
5894. E-mail: david.jonas@colorado.edu. guantum beats are quite similar in all three molecules, but find

10.1021/jp0205867 CCC: $22.00 © 2002 American Chemical Society
Published on Web 09/25/2002



9408 J. Phys. Chem. A, Vol. 106, No. 41, 2002 Yu et al.

SCHEME 1: Chemical Structures of Tricarbocyanine tochromism of the charge resonance transition (which has been

Dyes HDITCP (a), IR125 (b), and IR144 (c) and Third observed for the tricarbocyanine HIT@&)establishes that the

Resonance Structure for IR144 (dj charge is symmetrically delocalized on a femtosecond time scale.
HDITCP By analogy, the dipole moment of HDITCP is not expected

to change upon electronic excitation. The negatively charged

sulfonate groups added to IR125 should produce a large dipole

moment, but no change in dipole moment is expected upon
NS electronic excitation because the sulfonate groups are decoupled
|”‘ ' | |

+

from the conjugated bonds by the alkyl chain. The central ring
structure in IR144 adds rigidity to the polymethine chain and
leads to a dipole change upon electronic excitation. In the
symmetric ground state, a third resonance structure (Scheme
1d), in which the piperazine nitrogen attached to the center of
IR125 the polymethine chain donates an electron to the polymethine

chain, can increase the dipole moment for IR144. This sym-

metric resonance structure cannot contribute to the antisym-

metric excited state, so the IR144 dipole moment is expected
NN to drop instantly upon electronic excitation. As a result, IR144

exhibits polar solvatochromism. To avoid artificial separation
(CH2)480,0° (iH2)4SOZO' of the IR144 solvent response into polar and nonpolar compo-
nents, we refer to the entire IR144 response as polar.

(@}

Ha CH3

Z+

o—

1c IR144
Tozczw5

Il. Theory

The theory of solvatochromism is briefly reviewed here to
emphasize the role of solute polarizability. Since the work of

[ j CH3 Onsage€r® various workers have proposed different functions
of the dielectric constant and refractive index to describe
l’/\‘é/ solvatochromism, the solvent-dependent shifts in absorption and
~% L ; . .

emission spectr#:244345 The key idea is that the electrons in
the solvent will instantly adapt to a new charge distribution upon
electronic excitation, while the nuclear degrees of freedom of
the solvent will equilibrate only after the electronic excitation
in accord with the FranckCondon principlé? The instanta-

1d IR144 neous electronic response is reflected in the optical refractive
index, while the subsequent nuclear relaxation is reflected in
the static dielectric constant and far-infrared spectrum. The
N relative importance of these contributions depends on the solute
dipole moment in the ground state, the solute dipole moment
change upon electronic excitation, and the change in solute
polarizability.

For a polar molecule in a polar solvent, such as IR144 in
methanol, forces orient the solvent to stabilize the polar solute.
For a polarizable point dipole in a spherical caityhe ground
a2]R125 and IR144 are Structura“y identical to HDITCP except for state (g) d|p0Le momenﬁﬁ) Of the Solute induces a Solvent

(CH2)3S0.0 (éHg)sSOzo'

(CHR)3S0,0 (éHz)aSOzo.

the addition of functional groups. reaction field )

solvent-dependent overdamped and inertial responses in all three G+ E

dyes. The trends in the time-resolved data are consistent (across = _20-1)ugta g) 1)
both dyes and solvents) with molecular dynamics results. 9 2D+1 a’

The chemical structurésof the tricarbocyanine dyes HDITCP
(Scheme 1a), IR125 (Scheme 1b), and IR144 (Scheme 1c) arayhereD is the solvent dielectric constartjs the solute radius,
shown in Scheme 1. IR125 and IR144 are structurally identical anda is the solute polarizability (cgs-Gaussian units are used).

to HDITCP except for the addition of functional groups. Pauling 1,0 approaches to solvatochromism diverge from eq 1. The
used a two-state valence bond model to explain the lowest ot neglects the solute polarizabili#:4344:46

allowed electronic transition in all the cyanine dyes as a charge

resonance transition between the symmetric and antisymmetric 2, D1
linear combinations of the two mirror image resonance structures Eg =9 = )
with a charge on either N atofMulliken explicitly included a®2b+1

charge delocalization over the intermediate polymethine chain

to account for the spectf&3° With 2n + 4 & electrons, these  This is appropriate when the reaction field is too weak to
dyes have nominally equal bond lengths and charge alternationappreciably increase the total solute dipole moment. The second
along the methine chaif?:* NMR studies of a carbocyanine approach assumes an approximate relationship between solvent
in DMSO establish that the charge remains delocalized even incavity size and solute molecular polarizability suchoas=

polar solvents on the NMR time sca®The nonpolar solva-  (a%2),> which leads to
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— Zﬁg D—1 while the term proportional th(n?) arises from the instantaneous
9- 3D+2 3) electronic polarizability. A similar analysis beginning with the
a solvent equilibrated to the excited state yields a solvent shift in
This approach allows self-consistent feedback between theth® emission wavenumber

solvent reaction field and the polarizable solute dipole as in 0 — 2
Onsager's model for the dielectric constant of polar liqdfds.  Vem = Ve + Bl (g = fi[L(D) = L(M)]

Other proportional relationshipe.& ¢a2 with ¢ < 1/2) between + ﬁ'(lﬂg|2 — JuL(N?). (12)
cavity radius and polarizablility have been suggestednd
predict slightly different solvatochromism. Note that the orientational polarization dependence of the
To summarize egs 2 and 3 emission spectrum differs from the absorption spectrum because
- _ the initial conditions determine the solvent configuration after
= ﬁ#gL(D) 4 the transition. In contrast, the electronic polarization dependence

is the same because it instantly adapts during the transition. If
tg Il zie and [pigl > |zel, as expected for IR144, both the
D—1 absorption and fluorescence shift to the blue with increasing
Ly(D) = D+ 1 solvent polarity, but the absorption shifts are greater. The solvent
dependence of the Stokes shift is given by

wheref = 2/a3, and

or
Vabs™ Vem= 24 = ﬁ'|ﬁg - ﬂe|2[L(D) - L(nz)] (12)
L.(D) = b-1
12(P) = D+2 and depends only on the orientational polarization.
) o Equations 16-12 indicate that a large dipole moment and a
The ground-state energy is stabilized by change in dipole moment are both required for polar solvato-
= o, chromism. Neglecting solute polarizability, the orientational
Ug= —tigEy= — lugl” BL(D). ®) solvent polarity is characterized by

When the molecule is electronically excited, its dipole ~ D—1 -1
moment and charge distribution will instantly change. The Fo(D.n) = Lo(D) — Lo(n) = DEL i q (13)
solvent electronic polarization will also instantly adjust, but the n”+1
solvent configuration (orientations, positions, intramolecular \yheren is the refractive index anB is the dielectric constant

geometries) will not have time to change during the sudden for the solveng6434446The approximatior = (1/2)a2 yields
absorption of light. This latter contribution to the solvent

polarization, which depends on nuclear positions, is usually » D—1 nP—1
called the orientational polarization. Thus, the initial reaction ~ F12(D:) = Lyo(D) = Ly{n) =575 — 5.
field after electronic excitation has an equilibrium electronic n"+2
polarization for the excited state but an orientational polarization  Following Marcus34%-5! some works have also considered

equilibrated to the ground-state dipole. Before the nuclei can the solvent dependence of the spectral width, specified by the

(14)

respond, the excited state (e) is affected by two fields: variances?. Assuming harmonic potentials of equal curvature,
0 = - the classical Franck principle (which assumes the Condon
Ee = Egnuct Eeelec (6) approximation) relates? to the Stokes shiftaps — vem = 24
b
where y
2
- . 0° = 24(k;T/ho), (15)
E o= BEgLD) — L()] ™ s

whereo and 1 are in wavenumbers. With these assumptions,
the widths of the emission and absorption spectra are predicted
to be the same. Equation 15 need not hold if high-frequency
E  —an L 8 vibrations fiw > kgT) are important for the band shaffe>!
esclec™ PHiL() (®) but the mirror image symmetry remains in the harmonic
. . - approximation. The additivity of Gaussian variances under
is thg_ f|eI_d from the eIe_ctron‘§.Th_e initial (Franck-Condon) convolution leads t@(0?) = 2(52)(ksT/ho) where 6(0?) and
stabilization of the excited state is thus - . .
04 are the solvent-induced changes in the variance and Stokes
= —7 +(E E shift, respectively.
Ve AeEgpuct Ee’i'eg 5 P Previous experimental and theoretical studies have shown that
= — fugtyL(D) — L(n%)] — Bla "L(n%). (9) pump-probe transients are sensitive to the solvation dynamics
because shifts in the time-evolving molecular spectra change
their overlap with the probe spectrui!-343552n the high-
temperature Brownian oscillator model, the frequency
0 — - 2 frequency correlation functioM(t) can be used to calculate the
Vabs= Va + B'llg (tig — A[L(D) — L(n)] pump—probe signal. For conditions similar to our experiments
+ B'(lugl” — lugHL(M), (10) (Stokes shift~100-500 cnT?l, excitation midway between
absorption and emission maxima, 30 fs pulse), we have found
where' = p/hc, andv is nominally a gas phase (solvent- that a single picosecond exponential decaift) leads to a
free) absorption frequendy.The term proportional tol(D) — pump-probe transient that can be well fit as biexponential
L(n?)] arises from the slow orientational solvent polarization decay, with the slowest time constant withirl 0% of the input

is the reaction field from the orientational polarization alone,
and

The solvent shift in absorption wavenumber is tiugys=
(Ue — Ug)/hc, so that
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single-exponential decayl(t) time constant. The faster decay TABLE 1. Solvatochromism Functions for Solvents Used in
has very roughly one-third the time constant and one-fourth the These Experiments, Calculated from Refractive Indicesr()

amplitude3® Assuming the Brownian oscillator model, the
slowest time scales accurately reflect the solvation dynamics.
These conclusions are not modified by inclusion of much faster
relaxation processé4:3°Dielectric continuum theory, which is

most likely to succeed for the slowest processes, predicts that ethanol

the reaction field, henci(t), will relax exponentially with
longitudinal relaxation times which depend weakly on the solute
polarizability >3

Nonpolar solvatochromism is usually described by a “general
red shift” attributed to dispersion interactions with the solVe#t.

Vabs= Va. — YLo(M) (16)

Vem= Ve — yLo() 17)

from Ref 66 and Dielectric Constants D) from Ref 5

solvent fo(n) fl/z( n) Fo(D s n) Fl/z(D s n)
methanol 0.1690  0.2033 0.3084 0.7101
acetonitrile 0.1749  0.2120 0.3045 0.7090

0.1812  0.2213 0.2889 0.6657
1-propanol 0.1899  0.2343 0.2743 0.6320
1-butanol 0.1949  0.2420 0.2635 0.6042
propylene carbonate  0.2016  0.2525 0.2870 0.7027
ethylene glycol 0.2059  0.2593 0.2745 0.6652
formamide 0.2109 0.2673 0.2824 0.7062
acetone 0.1804  0.2200 0.2840 0.6470
benzonitrile 0.2357  0.3084 0.2351 0.5813

correlated (correlation coefficient 0.9996) for the solvents
used herelo(D,n) andF12(D,n) are less correlated (correlation
coefficient= 0.88, which is less than expected for two sorted
sets of uniformly distributed random numbers).

wherey is the same for both absorption and emission because

the electrons adjust instantaneously during the transition. This
should be present for all solutsolvent systems, though it may
be masked by polar solvation. Longuett-Higgins and Fdple
have proposed that the “general red shift” is proportional to
solvent polarizability. The ClausitsMossoti equatior? indi-
cates that the slightly different functidn»(n®) is proportional

to the solvent polarizability. With different approximations, the
dispersion interaction has been interpreted in terms of transition
dipole solvatior?? changes in solute polarizability upon elec-
tronic excitationt and as a sum of a universal and an oscillator
strength dependent shift.The general red shift can be partly

canceled by a blue shift (relative to gas phase) due to mechanical

solvent caging of the larger electronically excited molecbfi€s.
Bernstein and co-workers have argued that a lack of mirror

image symmetry in various cryogenic solvents is caused by such

anharmonic solutesolvent potential8® Theories of nonpolar
vibrational frequency shifts which incorporate both attractive
and repulsive packing forces have been develdpatle are
not aware of a theory of nonpolar electronic solvatochromism
which consistently incorporates both attractive dispersion forces
and repulsive solvent caging. However, the viscoelastic theory
of the subsequent nonpolar solvation dynamics is well devel-
oped?!3

With two definitions ofL(x) and polar/nonpolar formulas,

there are four possible functions to describe the solvatochromic

shifts. From here on they will be referred to &g(D,n),
F12(D,n), fo(n), andfy»(n). CapitalF refers to polar functions;
lowercasd refers to nonpolar functions. Subscript 1/2 indicates
L12(X) is used for bottx = D andx = n.

2-1

n
fo(n) = , 18a
o(n) ot 1 (18a)
2
nn—-1
fi(n) = R (18b)
_D-1 n-1
D-1 n-1
F12(D.n) = D+2 Pt (19b)

All four of these functions have been used in the literature of
solvatochromisn¥:23.26.30.4344.606The functions in eqs 18 and
19 were calculated from refractive indices and dielectric
constants and are listed in Tablefd(n) andfy»(n) are highly

[ll. Experimental Section

The three dyes were each tested in 20 different soh\@ms.
number of solvents (diiodomethane, 1-octanol, glycerin, cyclo-
hexane, trichlorotrifluoroethane) did not dissolve the dyes. Some
precipitated dye, leaving a colorless solution a few hours after
removal from the ultrasound (e.g., HDITCP in benzene). Some
(e.g., IR125 in water) had concentration-dependent spectra
characteristic of aggregafésat the concentrations needed for
nonlinear experiments. IR144 in water produced a double-
peaked absorption spectrum, apparently independent of con-
f:entration down to 10’ M. IR144 in acetone produced a double-
peaked emission spectrum. Changes in width were observed
upon addition of 1% methanol to HDITCP in chloroform.
Solutions of IR144 in chloroform with 0.1% amylenes as
stabilizer (Aldrich) had an absorption maximum 5 nm to the
blue of IR144 in chloroform with 0.75% ethanol stabilizer
(Fisher). Because of this preferential solvation, procedures which
use 1% methanol to dissolve cyanine dyes in nonpolar soffents
were avoided. Acetone, formamide, ethylene glycol, 1-butanol,
and acetonitrile were Fisher standard grade solvents, anywhere
from 98% to 99.9% pure. Methanol was Fisher HPLC grade
with =99.9% purity. Ethanol (anhydrous), 1-propanol, propylene
carbonate (anhydrous), and benzonitrile were Aldrich HPLC
grade with less than 0.01% water.

Cyanine dyes form ion pairs in low-polarity solvefits.
Conductance measurements were performed on the solutions
at a concentration of approximately 0.04 mM using a digital
conductance meter (Cole Parmer 1481-61) and a platinum probe
with a cell constant of 10 cri.8° Theapparentwalden product
(An) of the measured molar conductivith) at 0.04 mM and
viscosity ¢) from the CRC HandbodR was compared to the
Walden product calculated assuming complete dissocfdtion
roughly determine whether the dye dissociated into ions at the
concentrations used for nonlinear spectroscopy. There has been
some doubt about the utility of the Walden product, especially
for small ions® where solvation shells are important. The
sodium counterion for IR125 is small, so the radius was taken
from a transport calculation for watét.

There were some clear rejects with less than 10% of the
expected conductivity change (all three dyes in chloroform and
benzene, IR125 in 1-propanol, dibromomethane, and benzoni-
trile, IR144 in dichloromethane and dibromomethane), but any
solvent with an apparent Walden product less than 40% of the
expected product was deemed suspect (IR144 in benzonitrile
and acetone, IR125 in acetonitrile, dichloromethane, and
acetone). The spectra of HDITCP in benzonitrile and dichlo-
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romethane (which may form ion pairs for the other dyes)
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wavelength resolution was 0.3 nm. For the fluorescence, the

exhibited anomalous solvatochromism and also were not usedfrequency axis was calibrated with an argon lamp (Oriel 6030).

in fitting the solvatochromism.

Application of solvatochromic theory also requires that the
spectrum arise from one solute isomer. In low-polarity solvents,
some cyanines (e.g., DTTC Chloride) exist as a mixture of cis
and trans isomer®.To determine polymethine chain conforma-
tion, one- (1D) and two-dimensional (2D) COSY proton nuclear
magnetic resonance spectravere recorded on a 500 MHz
spectrometer for all three dyes in perdeuteromethanol (1 mg/
mL) at room temperature. Assignments of the polymethine
protons were straightforward based on the multiplet structures,
areas, and 2D COSY cross-peaks. The polymethine proton
resonances are reported in the following form:

(polymethine carbon as labeled in Scheme 1)
chemical shift) (number of protons H)

doublet ortriplet, 3JHH spin—spin coupling constant

HDITCP: (b) 6.32 ppmd (2H) d, J = 13.6 Hz; (c) 8.05
ppmd (2H) t, J = 13.1 Hz*; (d) 6.59 ppmd (2H) t, J = 12.6
Hz; (e) 7.66 ppm (1H) t, J = 13 Hz*. IR125: (b) 6.39 ppm
0 (2H) d, J = 13.5 Hz; (c) 8.04 ppnd (2H) t, J = 12.9 Hz*;
(d) 6.63 ppmd (2H) t, J = 12.2 Hz; (e) 7.66 ppnd (1H)t, J
= 13 Hz*. IR144: (b) 6.01 ppmd (2H) d, J = 13.2 Hz; (c)
7.91 ppmo (2H) d, J = 13 Hz*. (Asterisks indicate a multiplet
overlapped by aromatic protons withdetermined from 2D
COSY. A unique assignment for IR144 relies on comparison
to HDITCP and IR125.) Protons at symmetry-related positions
for the all-trans structure are equivalent and all sgEpin
couplings aréJyy = 13.1 Hz within4-0.5 Hz. AssumingJuy
= 13 Hz for trans, the Karplus equatiGri® predicts®Jyy ~ 8
Hz for the cis geometry (as observed for the aromatic protons).
In conformational studies, couplings &y = 13 Hz have
previously been reported to indicate quasi-planar all-trans
cyanine structure§-76 The proton chemical shifts are quali-
tatively consistent with the charge alternation expected for
polymethineg?41 All three samples contained impurities (or
minor forms with millisecond lifetimes) below the 2% level.
Absorption spectra were taken using a Varian Cary 506-UV
vis—NIR spectrometer. Concentrations ranged from 0.05 to 0.1
mM. The molar extinction coefficienk(v) reflects some
electromagnetic aspects of absorption in addition to the Franck

Intensities were corrected with a calibrated quattmgster-
halogen lamp (Oriel 63355) spectrum measured using the same
filter, objective, fiber, spectrograph, and range of CCD pixel
integration. Combining all corrections, the emission line shape
function is

Bg.(v) 0 F(A=c/v) IC(A=c/v)/v° (21)
whereF(A=c/v) is the fluorescence spectrum detected by the
CCD array in counts/pixel, ICEc/v) is the intensity correction
factor in (watts/nm)/(counts/pixel), andv®/comes from mul-
tiplication of (1) the Jacobian transformation from even
wavelength to even frequency intervalsif)/’8 (2) the conver-
sion from watts to photons per secondl/and (3) the
conversion from Einsteir\ to EinsteinB coefficient (143).77

For study of spectral relaxation dynamics (e.g., solvation),
integrated magic-angle pumprobe experiments were carried
out using detection identical to that in ref 79 except that the
1.117 kHz chopper was not phase-locked to the cavity dumped
laser. Pulses from a 10 kHz cavity dumped femtosecond Ti:
sapphire laser were sent through a prism compressor with
LaKL21 prisms and split into three beams: one for the pump
beam, one for the probe beam, and the third for the reference
beam. The pump was vertically polarized by an antireflection
coated Polarcor polarizer (Newport 05P109AR.16). The probe
was polarized by a nominally identical polarizer. The probe
polarization was rotated to the magic angle (within°Plsy a
zero-order half-waveplate (Optics for Research RZ-1/2-800)
immediately before the 10 cm focal length achromat which
focused the pump and probe into the sample. The pulses were
characterized with second harmonic generation frequency
resolved optical grating (SHG FROG) by substituting a thin
KDP wedge glued to the back a 1 mmfused silica window
for the sample cell (which has 1 mm thick fused silica walls).
The pulse spectra were approximately Gaussian with a 36 nm
wide spectrum centered at 795 nm. The pulses had a 30 fs time
duration, and a fwhm time bandwidth produttAt = 0.490,
larger than the Gaussian transform limit of 0.441. The probe
pulse energy was set around 150 pJ/pulse, and the pump pulse
energy was set about 250 pJ/pulse in au4® diameter spot.
The sample concentration was about 0.07 mM {QB3= 0.1 at

Condon intensity envelope, so the spectra were converted to750 nm). The antireflection coated sample cell had a 4®0

the product of the Einstei coefficient and a normalized
absorption line shape functiagp(v)’’

1000 (cn¥/L) In(10)c €(v) .

)
NAh v

Bg,(v) = (20)

14

This normalized line shape functia@a(v) reflects the Franck

Condon intensity envelope in the theories of solvatochromism.
Fluorescence spectra were measured by excitation with a 1

mW continuous wave HeNe laser £ = 632.8 nm), which was

focused to less than 1 mm diameter and sent through the samplé

cell within ~1 mm of the collection window. Dye concentrations
were around 10" M, and it was verified that the raw
fluorescence spectra were concentration independent beldw 10
M. The sample flow rate was 0.2 m/s. The fluorescence was
collected perpendicular to the beam path, filtered by either an
absorbing Schott RG665 filter or a 632 nm dichroic Raman
notch filter, focused by a 5X microscope objective into a
multimode fiber, dispersed by a 0.25 m imaging spectrograph,
and detected with a liquid nitrogen cooled CCD array. The

path length through which sample flowed at a linear speed of
2 m/s. The signal:noise ratio of the pumprobe signals is
higher than 200:1. Time zero was determined to within 1 fs
using symmetry upon interchange of the roles between pump
and probe beams. Delay stage misalignment caused a 15%
reduction in probe transmission through a;8@ pinhole over

the range—2 ps to 1.1 ns, so the pumjprobe signals were
divided by the smoothed delay dependent probe transmission.
A rough study of the signal concentration dependence suggests
the small negative dip (1% of maximum signal) observed before
ime zero in the pumpprobe signal could be eliminated by
decreasing the sample concentration.

IV. Results

Figure 1 shows the absorption and emission line shape
functions of HDITCP (Figure 1a), IR125 (Figure 1b), and IR144
(Figure 1c) in methanol. From Figure 1a, HDITCP does not
have mirror image symmetry, with emission line shape slightly
(~70 cnt?) narrower than absorption. The weak band near
14 200 cn? in the fluorescence spectrum has the same width
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o o? =T3,2/[8 In(4/3)] (22)
0.8 : HpiTCP Previous studi€s'®-51 have used similar proceduP@so show
that the width of an absorption spectrum with polar solvato-
0.6 chromism depends on the orientational solvent polarity accord-
2 04 ing to eq 15.
e - In attempting to determine which solvent function best
0.2 predicted the behavior of HDITCP, IR125, and IR144, the
absorption maxima, emission maxima, Stokes shifts, and
0.0 absorption 62 were each fit to all four solvatochromism
1.0 functions. The best linear least squares fits are shown in Figures
2—4. The fit parameters are listed in Tablesh
0.8 The fit errors show that HDITCP and IR125 can be fit by
either of the highly correlated nonpolar functide@) or f12(n),
__os while IR144 is best described by the polar functiém(D,n).
3 0.4 For HDITCP and IR125, the pold functions do not fit the
@ data (the standard fit errors are-2 times larger than that for
0.2 nonpolar f functions when fitting absorption and emission
maxima). The Stokes shift and width parameters were inde-
0.0 pendent of solvent within error for both dyes, as expected for
1.0 instantaneous electronic solvation. The variance and Stokes shift
do not obey eq 15, indicating that high-frequency vibrations
0.8 (known from Rama# and pump-probe experimentg on
0.6 similar molecules) which require a quantum treatment are
P important for the shape of the main peak near the maxiffuph.
% 0.4 Constraining the absorption and emission slopes to be the same
yields,vo = 13 466 cml, 240 vpircp = 540 cnT?, andy = —
0.2 3003 cntt vs fyp(n) in egs 16 and 17. These trends for both
0.0 ) HDITCP and IR125 are consistent with the work of West and
’ Geddes? who found a general polarizability red shift for a

10000 11000 12000 13000 14000 15000 16000 number of smaller cyanine dyes. The slope of the absorption
w/2nc (cm’”) maximum vs the refractive index functid{n) or f12(n) is about _
80% of that observed by West and Geddes for smaller cyanine
Figure 1. Absorption (solid line) and emission (dotted line) line shape dyes, and indicates nonpolar solvation.
functions of HDITCP (top), IR125 (middle), and IR144 (bottom) in Intramolecular factors being equal, there will be a larger
methanol. Line shape functions are normalizedide, = 1. Stokes shift between the absorption and fluorescence when the

as the main emission band and a solvent- and temperature-d'p0|e changes. IR144 consistently has a larger Stokes shift than

. ; . HDITCP and IR125, consistent with a dipole change upon
dependent intensity. (The Raman notch filter was used to rule . o X .
L . electronic excitation. For the absorption (fluorescence) maxima
out fluorescence from the absorbing filter as the cause of this of IR144, the polafF functions had 6 times (2 times) less fit
band.) This HDITCP emission band lies 1900 ¢rabove the ' P

. o : o . error than the nonpoldrfunctions. Bilinear fits to both polar
main emission band and could arise from emission by vibra- . - o
. . . o . and nonpolar functions did not recover a significant nonpolar
tionally hot molecules, isomers, or impurities with a much larger

absorption cross section than normal HDITCP at 632 nm. IR125 dependence. E_Sa_sed on eqs 10 and 11, the absence of a slgnlﬂcant
AR . nonpolar coefficient suggests that the aklylsulfonate chains may
is similar to HDITCP, but does not show the 14 200 ¢m . . ; X

o . . X be bent out of the conjugated aromatic/polymethine plain so
emission band and obeys a closer mirror image relation. Thethat” is not parallel tqie. Alternatively, this could result from
closer mirror image symmetry in IR125 argues that the shoulder - ©+9 P Qe Y.

near 14200 cmt in the HDITCP absorption spectra is a cancellation of mechanical and polarizability terms (see

vibrational (vibrational frequency~1300 cntl). Mulliken discussion below eq 17) connected to the polar solvent interac-

assigned similar shoulders observed in a series of polyenes totlon' For absorption, the fit 16.,(D.n) had 3 times lower fit

CC stretch vibrations and explained how low-frequency defor- error thqn that td=(D.n). This significantly improved fit from
. . a polarizable solute model suggests that feedback between
mations of a planar polyene chain could account for the

L . S solvent reaction field and solute polarizability is important for
remaining Stokes shift and broadenifig” The vibrafional the equilibrium solvation of IR124. For IR)1/44, tr?e solvent
quantum beat at 1310 crhreported by Yang et &P supports h in ab " . d Stokes shift obev the relati
this assignmeril IR144 has a rather severe departure from change In absorplion vanance and Stokes shilt obey the refation
mirror image symmetry in all solvents studied.

The absorption maxima, emission maxima, Stokes shifts, full Loz) — 3(22) ks T/hc (23)
widths at half-maxima, and absorption variana&fr HDITCP, oF, \oF,
IR125, and IR144 are presented in Tables 2, 3, and 4,
respectively. The full widths at half-maxima are heavily within error. Such a relation is expected if the solvent contribu-
influenced by the~1300 cnt! vibrational shoulder. For tion to the broadening obeys eq 3% The extrapolation o&?
comparison to theories of solvent broadening (which do not back toF;, = 0 yields a variance which is consistent (within
explicitly include vibrational structure), the variance of the very large error) with that of HDITCP and IR125 (see Tables
absorption spectrumr is calculated from the full width at three-  5—7). The 660 cm! width of the IR144 absorption line shape
fourths maximum Ks/4) using the Gaussian relation at a nonpolar interfadéis slightly less than the raw 980 crh
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TABLE 2: Absorption Maxima, Emission Maxima, Stokes Shift, Full Widths at Half-Maxima, and Absorption ¢? for HDITCP
in Various Solvents, from Experimental Line Shape FunctiongJap{®) and gem(m)

solvent abs max (cm) emmax (cm?)  Stokes shift (cm!)  abs fwhm (cm?®)  em fwhm (cnt)  abso? [(cm™Y)Z2
methanol 12853 12 320 533 1000 864 148 699
acetonitrile 12838 12291 547 1073 836 164 341
ethanol 12788 12213 575 970 868 144 159
1-propanol 12744 12216 528 952 864 146 168
1-butanol 12719 12186 533 963 863 143 659
propylene carbonate 12 747 12 200 547 1022 854 145 162
ethylene glycol 12700 12190 510 957 899 140183
formamide 12 681 12145 536 968 866 142 164
acetone 12 816 12 259 557 1016 856 149 208
benzonitrile 12509 11975 534 957 828 145 665
error +20 +20 +30 +30 +30 +20 000

a Calculated using eq (22).

TABLE 3: Absorption Maxima, Emission Maxima, Stokes Shift, Full Widths at Half-Maxima, and Absorption o2 for IR125 in
Various Solvents, from Experimental Line Shape Functiongapd®) and gem(m)

solvent abs max (cm) emmax (cm?)  Stokes shift (cm!)  abs fwhm (cm?)  em fwhm (cnT?)  abso? [(cm™)?2
methanol 12 750 12 217 533 961 951 144 660
ethanol 12 694 12138 556 936 864 139 197
1-butanol 12 617 12114 503 1020 873 157 467
propylene carbonate 12 645 12129 516 978 835 144 159
ethylene glycol 12 619 12125 494 909 875 136 262
formamide 12 607 12 104 503 936 846 150 740
error +20 +20 +30 +30 +30 +20 000

a Calculated using eq (22).

TABLE 4: Absorption Maxima, Emission Maxima, Stokes Shift, Full Widths at Half-Maxima, and Absorption o¢? for IR144 in
Various Solvents, from Experimental Line Shape Functiongapd®) and gem(®)

solvent abs max (cmt) emmax (cm?)  Stokes shift (cm!)  absfwhm (cm?) emfwhm (cnt?)  abso? [(cmY)?]2
methanol 13447 11838 1609 1909 983 581 653
acetonitrile 13519 11 855 1664 1955 1011 605 008
ethanol 13257 11771 1486 1875 958 563 696
1-propanol 13151 11747 1404 1826 965 535 357
1-butanol 13082 11731 1351 1794 989 524 799
propylene carbonate 13438 11798 1640 1956 1036 605 008
ethylene glycol 13317 11 786 1531 1886 1103 570 646
formamide 13427 11 803 1624 1877 1082 550 902
error +20 +20 +30 +30 +30 +45 000

aCalculated using eq (22).

width of the HDITCP line shape (see Table 2). However, the observed by Ramdrand infrared! spectroscopies on various

extrapolated IR144 Stokes shiftli;, = 0 is negative or zero, molecules.

and the emission widths are aft2 times narrower than Magic-angle pump-probe scans extending to 1.1 ns pump

absorption (see below). probe delay were fit to a sum of two or three exponential decays
Magic-angle pump probe transients of IR144 and HDITCP ~ starting at 500 fs. Estimates of the reduced chi squgréd

were recorded in several solvents. Figure 5 shows the magic-ranged from 0.987 to 1.10. The decay times and amplitudes

angle pump-probe transients of HDITCP and IR144 in @€ given in Tables 8 and 9. The slowest decays {4UD ps)

methanol. For comparison, the plots are normalized to have the"€flect the population lifetime as meaiured by either transient
same amplitude for the population lifetime. With this normaliza- excited-state absorptiéfhor fluorescencé® For IR144, the faster

tion, HDITCP, IR125, and IR144 have very similar quantum decay_ tim_es roughly parallel picosecond decays attributed to
beat amplitudes and frequencies. Compared to HDITCP and.SOIVatlon in the three pulse echo peak shiftHowever, there

S - A
IR125, IR144 has a rmuch bigger “coherence spike” tear g 22 SRS SO0 P00 RTEERE (PR ) T b data
0. This spike is solvent dependent and is thus attributed to y P

solvation. The Fourier transfo_rm (FT) power spectra of HDITCP 22253;;]%'3?9'_%? rlenlgfc)isse;iglgétl\/fvetzke;i a@eglljggsaﬁéeHg?CP
and IR1_44 are also ;howq in the inset to Figure 5._Although decay times and amplitudes will be discussed below.
comparison of amplitude in the FT can be complicated by

interference from the decaying background (which was sub-
tracted prior to the FT to minimize this effect), the dominant
frequencies recovered from the quantum beats are very similar.  Static Solvatochromism. The linear spectra show that
The exponential decay time of the quantum beats range from 1HDITCP and IR125 exhibit classic nonpolar solvatochromigm.
to 5 ps, in good agreement with previous measurenféfifhe Such nonpolar solvatochromism was also found in the tricar-
recovered vibrational frequencies and dephasing times vary frombocyanine dye HITC1?8The absorption spectra of IR144 show
solvent to solvent, apparently due to specific interactions as polar solvatochromism. Both absorption shifts and widths are

V. Discussion
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Figure 4. The best linear least squares fit (solid line) to the
__ 12800 experimental absorptioo? (open squares) VB 2(D,n) for IR144.
5 12600 a\“\n“—a-n\ TABLE 5: Fitting Data for HDITCP 2
§ 12400 | Y-intercept slope std error
g abs max (cm?) 13 493 (58) —3112(237) 22
o 12200 w em max (cm?) 12 901 (74) —2 898 (303) 28
= Stokes shift (cmt) 540 (35) b 13
12000 | abso? [(cm™%)?] 146 941 (17 401) b 5022
11800 | 2The absorption maxima, emission maxima, Stokes shift, and
I L P S absorptioru? were fitted tofy(n), and the slope&-intercept, and errors
020 022 024 026 028 030 032 are reported heré.Constrained to zero because not significantly
f. (n) different.
12

Figure 2. The best linear least squares fits (solid line) to the TABLE 6: Fitting Data for IR125 2
expgrimental ak_)sorption maxima (open squares) and fluorescence Y-intercept slope std error
maxima (open circles) Vg;(n) for HDITCP (top) and IR125 (bottom).

abs max (cm?) 13177 (94) —2 166 (388) 21
14000 em max (crm?) 12 482 (104) —1 429 (428) 23
Stokes shift (cm?) 518 (39) b 25
abso? [(cm™)?] 145 414 (12 053) b 8634
13500 2The absorption maxima, emission maxima, Stokes shift, and
absorptioru? were fitted tofi,2(n), and the slope¥-intercept, and errors
—~ 13000 F are reported heré.Constrained to zero because not significantly
‘€ different.
S
£ 12500 TABLE 7: Fitting Data for IR144 2
E i
.5 12000 - Y-intercept slope std error
s o oo abs max (cm?) 10 757 (218) 3815 (323) 34
em max (cn?) 11 140 (119) 964 (176) 19
11500 | Stokes shift (cm?)  —384 (157) 2850 (233) 25
abso? [(cm™1)?] 162 475 (120 954) 600 049 (179 083) 18992
11000

0.60 o,(lgg o.é4 o‘ée 0.258 6'70 072 aThe ab;sorption_ maxima, emission maxima, Stokes shift, and
absorptiono? were fitted toF1,2(D,n), and the slopesy-intercept, and
F(D:n) errors are reported here.

Figure 3. The best linear least squares fits (solid line) to the
expgrimental ab_sorption maxima (open squares) and fluorescencesapier of the polymethine chain should eventually adopt a
maxima (open circles) vBuAD.n) for IR144. pyramidal geometry because the symmetric resonance structure
(Scheme 1d), which tends to force planarity in the ground state,
consistent with a reduction in IR144 permanent dipole upon does not contribute. During emission from the excited state at
electronic excitation. the pyramidal geometry, the ground-state electronic wave
However, the widths of the IR144 emission spectra show a function should have a significantly reduced contribution from
severe departure from mirror symmetry and do not seem to the planar resonance structure (Scheme 1d). In the absence of
reflect the full solvent contribution to the absorption width. The the resonance structure responsible for the dipole moment
IR144 emission maxima have a weak solvent dependence andcchange, the IR144 dipole moment would not change until the
can be fit tof;, nonpolar solvatochromism with a doubled fit planar geometry is attained by relaxatiafter emission. This
error. Nonpolar solvatochromism would imply that the emitting accounts for the almost nonpolar solvatochromism of the
state either does not have a permanent dipole or does not havemission maxima. Refining the zero-order hypothesis that the
a permanent dipole changkiring emission. In the antisym-  absorption spectra of IR144 represent that of HDITCP plus polar
metric excited state, the piperazine nitrogen attached to theshifts and broadening, this suggests the shape of the steady-
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TABLE 8: Exponential Decay Parameters for HDITCP in Different Solvents, Recovered from Magic-Angle Pump-Probe
Experiments

solvent A 71 (pS) A 72 (pS) As 73 (pS)
methanol 0.19 1.71 0.08 12.3 1 412
ethanol 0.17 2.59 0.12 22.5 1 516
1-butanol 0.16 4.57 0.17 56.3 1 601
acetonitrile 0.18 2.16 1 790
propylene carbonate 0.19 2.73 0.14 24.8 1 725

TABLE 9: Exponential Decay Parameters for IR144 in Different Solvents, Recovered from Magic-Angle PumpProbe
Experiments?

solvent Au 71 (pS) A 72 (PS) As 73 (PS)
methanol 0.34 (0.21) 2.30 (1.47) 0.27 (0.37) 19.0(9.47) 1(1) 445 (433)
ethanol 0.33(0.21) 3.31(2.03) 0.37 (0.43) 36.9 (19.9) 1(1) 550 (521)
1-butanol 0.26 (0.14) 5.51 (3.20) 0.37 (0.34) 81 (36) 1(1) 627 (565)
acetonitrile 0.41 (0.56) 4.29 (2.23) 1(2) 804 (786)
propylene carbonate 0.42 4.24 0.33 46.1 1 807

a Parameters in parentheses are from fits that constrained the two fastest picosecond decaydimes) to match three pulse echo peak shift
decay constants from ref 8.

state IR144 emission spectrum should differ from that for ps) as the excited-state absorption at 471 nm (54% psay in
HDITCP due to the vibrational displacements involved in the rough agreement with a lifetime from phase-shift fluorometry
pyramidalization. The shape of the IR144 emission spectrum, (590 ps)%®

which is very similar to that of HDITCP but slightly broader, For IR144 in alcohols, the magic-angle purmmobe lifetimes
could then be used to determine these displacements. On thican be used to estimate rotational reorientation times by
hypothesis, the polar solvent reorganization enetgst the comparison to parallel polarization transient grating decay
planar geometry differs from half the polar solvent contribution times? Using lifetimesL = 73 from Table 9 and adjusting the
to the observed Stokes shift. The dynamical implication of this reorientation time® in the parallel transient grating sigfal
hypothesis is that the pyramidalization will send the polar

solvent reorganization energy nearly to zero. Sra(T) = exp(2T/L)[1 + (8/5) expET/R) +

The significantly better fit to the polarizable solute model (16/25) expt-2T/R)] (ref 94)
for solvatochromism developed by McR&asuggests that self-
consistent feedback between solute polarizability and solventto match transient grating single-exponential decay times (
orientational polarization accounts for about half of the solvation in Table 2 of ref 8) yields best fit reorientation timBs= 210
energy. A controversial parameter in this theory is the assumedps (methanol), 470 ps (ethanol), and 380 ps (butanol). Reori-

ratio¢ = 1/2 ino. = ¢a (Onsager used = (N2 — 1)/(n + 2), entation times more than 20% different from these values do
wheren is the refractive index of pure solut®)To gauge the ~ not fit the transient grating decays within the noise. The
extent of this feedbackp was varied to find the best fit (at reorientation time in methanol is reasonable in comparison to

= 0.50) and rough error bad$ = +0.23 doubled the fit error).  that for the dye HITCI {200 ps)’®9' The methanol and ethanol
Assumingg = (n? — 1)/(n? + 2) and using the limiting low- reorientation times match the ratio of viscosities within error.
frequency IR144 refractive index of = 1.6 calculated from  Both the transient grating decay time and the recovered
the free induction decay phase sHiftields¢ = 0.34. Ignoring reorientation time in butanol seem anomalous. _

issues of how to assess solute cavity size and shape in a !f @ long-lived ground-state isomer is formed by internal
continuum treatment, it appears that solute/reaction field COnversion from the excited state, the ground-state absorption
feedback accounts for one-third to one-half of the polar solvent 1058 amplitude will not decay to zero, but to the product of the
stabilization of IR144. isomerization yield and the fractional isomer/normal absorption.
In both DODCI and HITCF? the ground-state isomer is formed
with ~10% yield and decays on a 6:1 ms time scale. Since
AR 2 . excited-state stimulated emission and loss of ground-state
population lifetime. The _Ilfgtlmes are an _Of‘_’ef of magnitude absorption each contribute roughly half the signal, a 10% isomer
too fast to_represent radla_tlve dedyso it is likely that they _yield with no isomer absorption within the probe spectrum
r_epresent internal conversion to the g_round state. Th_e trend inyyould imply a long-lived background with an amplitude of 0.05
lifetimes across solvents is the same in both dyes, with IR144 ¢|5tive to the lifetime. Any isomer absorption within the laser

lifetimes always slightly (1282 ps) longer than those of  prope spectrum would decrease this background amplitude.
HDlTCP The Standard mechanlsm for SUCh Intema| conversion Good f|ts do not requ”'e a constant background term, but the

Excited-State Population Lifetime and Ground-State
Recovery.The slowest decay in Tables 8 and 9 represents the

involves a trans— cis twist in the polymethine chaid®that  gata do not extend over a few lifetimes. Inclusion of a constant
has been extensively studied in the dicarbocyanine dye DOD- hackground term yields amplitudes betwe£.03 relative to
CI1909and measured in the tricarbocyanine dye HIPCFrom lifetime for different solvents, so a 10% ground-state photoi-

the photoisomerization kinetics of bridged and sterically hin- somer yield appears consistent with the data.

dered tricarbocyanine dyes, it has been suggested that the twist HDITCP Dynamics. Since the electronic polarizability
occurs about the bond labeled bc in Scheme 1, which remainsresponse of the solvent gives rise only to an instantaneous
unhindered in IR1443 Compared to HDITCP, the slightly  frequency shift, any solvent response probed in HDITCP and
longer IR144 lifetimes suggest slight frictional or steric IR125 should be essentially a mechanical response to changes
hindrance of this mechanism. For IR144 in ethanol, the pump in solute size upon electronic excitation. It is not possible to
probe signals decay to near zero with the same lifetime (550 rigorously separate this solvent response and relaxation from
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(r1 = 4.29 ps from Table 9) represents an upper limit for the
pyramidalization time scale in acetonitrile. If pyramidalization
requires large amplitude piperazine motion, the pyramidalization
rate should be inversely proportional to viscos$ityAssuming
a rate inversely proportional to viscosity angd= 1/kes = 4.29
ps in acetonitrile would yield; < 7p < 77 in the other solvents.
Pyramidalization might be more rapid if it is a forced motion
along a coordinate similar to the beathair interconversion of
cyclohexane. Any polymethine twisting dynamics are likely to
------------------- be slowed relative to HDITCP by the central ring structure in
IR144.

For IR144, the slowest spectral relaxation timesif Table
9) roughly match picosecond polar solvation times measured
with a variety of soluted Because the slowest spectral relaxation
in pump—probe matches the frequenefrequency correlation
;J function M(t),%® the slowest spectral relaxation time scales can

20F
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be sensibly compared to dielectric continuum predictions for

00—~ L L solvation. For a polarizable point dipole in a spherical cavity
0 500 1000 1500 2000 with oo = (1/2)a3, M(t) relaxes with the longitudinal relaxation
time
Delay (fs)
Figure 5. Magic-angle pumpprobe transients of HDITCP (dotted 7, = €t 2 T
line) and IR144 (solid line) in methanol. The plots are normalized to L €12 b

the same lifetime amplitude. The inset is the Fourier transform power

spectra of HDITCP (dotted line) and IR144 (solid line). where 7o is the Debye relaxation times. is the infinite

the intramolecular vibrational response and relaxation (including frequency dielectric constant, and is the static dielectric
twisting of the polymethine chain), but the solvent changes the constan® The sl_owgst phase Qf alcoholl So!vatlon typically
observed relaxation significantly. The standard model for such matches the longitudinal dielectric relaxation time*®and the

responses is viscoelastic thedfNaphthalene has an60 cnt?! longitudinal dielectric relaxation times are 9 ps for methanol
viscoelastic Stokes shift in several solveltgnd anthracene  and 77 ps for propanol. The biexponential fit parameters are in
has an~200 cn1?! viscoelastic Stokes shift in benzyl alcolf®I. reasonable agreement with multiexponential fits to the time-

This suggests that a significant fraction of the HDITCP response dependent Stokes shift of Coumarin 153 in alcoliolhe
could be viscoelastic. If one assumes the diffusional amplitude picosecond relaxation in IR144 thus correlates strongly with
is the same as for anthracene in benzyl alcohet 0.7), one measurements of polar solvation using other solute probes and
can use eq 4 and Table 2 of ref 95 to roughly estimate the simulations. Although the exact times depend on the details of
diffusional viscoelastic relaxation times for methanol (2.4 ps), the charge redistribution, molecular dynamics simulations
acetonitrile (1.3 ps), and propylene carbonate (4.4 ps). Adjust- consistently find that methanol has approximately biexponential
ments could allow agreement with the fastest decays in Table solvation decay on the picosecond time sé8én agreement
8, but it is also likely that vibrational relaxation and dephasing with multiexponential dielectric relaxation for alcohdfs.
play a significant role in the observed-§ ps decay, especially ~ Propylene carbonate typically has a solvation time constant of
since the times are similar to the vibrational dephasing times (3—5) x (zL = 8 ps)~ 24—40 ps, while the dielectric relaxation
observed in the quantum beat decay-§lps). This quantum  of propylene carbonate is almost single exponential with a
beat decay is sensitive to homogeneous vibrational dep¥4sing dominant 7p = 43 ps!® The solvation time constant of
but insensitive to electronic inhomogeneifySince the addition ~ acetonitrile is typically (25) x (z. = 0.2 ps)~ 0.4—1.0 ps?
of sinusoidal functions with a distribution of frequencies causes compared to a single dielectric relaxation time= 3.4 ps%*
the oscillations to decay, the quantum beat decay also reflectsThe slowest IR144 relaxation in both acetonitrile and propylene
inhomogeneity of the vibrational frequencies (e.g., from cross- carbonate is similar to the Debye relaxation time and is much
anharmonicit$®). Innomogeneous shifts with a2.0 cnt! wide slower than the longitudinal relaxation time. From a molecular
distribution across the thermal populated states could accountpoint of view (the formal positive and negative charge in IR144
for the 1-5 ps quantum beat decay. Higher order nonlinear are separated by-8 A, compared to solvent size of3 A),
spectroscopy 101 is needed to distinguish homogeneous and one might argue that the charge rearrangement in IR144 is closer
inhomogeneous vibrational dephasing. It has been argued thato a pair of macroscopic electrodes (Debye relaxation) than a
vibrational population relaxation is significantly slower than point dipole (longitudinal relaxation) so that a Debye relaxation
vibrational dephasing in HDITCP. This suggests that the is not unreasonable. Alternatively, the slower decays found for
intermediate relaxationr{ in Table 8) represents vibrational 1R144 in acetonitrile (4 ps) and propylene carbonate (46 ps)
population relaxation (including structural relaxation such as are missing in Coumarin 153¢onsistent with assignment to
chain twisting as a special case). The 14 200tband in the  Vibrational population relaxation.
HDITCP fluorescence spectrum is-8 times less intense in Comparison between Polar and Nonpolar SolvationA
acetonitrile, which does not show an intermediate decay time, precise determination of the polar solvation time scales and
suggesting a connection between this band and the intermediatenergetics requires a careful comparison between IR144 and
HDITCP relaxation. HDITCP. This comparison reveals a striking trend: every
IR144 Dynamics.For IR144, there are two new relaxation relaxation process in HDITCP has a larger amplitude and a
processes to consider: pyramidalization and dielectric relaxation.larger decay time in IR144. Based on the error bars from fitting
The only picosecond spectral relaxation of IR144 in acetonitrile HDITCP Stokes shift vsFi(D,n), one might argue that
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HDITCP could have a sensitivity to polar solvation with up to In solvents where the conductivity indicated complete ionic
~200 cn1! Stokes shift. Estimation of the dipole change in dissociation, HDITCP and IR125 show classic nonpolar solva-
HITCI suggests a much smaller residual polar Stokes shift of tochromism, while IR144 shows polar solvatochromism which
~40 cnT1.86 However, cyanines with nonpolar solvatochromism can be attributed to a dipole moment decrease caused by the
could be sensitive to orientational solvent polarity through the piperazine functional group. The fast relaxation dynamics of
exchange solvent coordinate introduced by Kim and Hfles IR144 is thus expected to include vibrational and nonpolar
for a transition between delocalized symmetric and antisym- solvation dynamics similar to HDITCP or IR125, but modified
metric states. This theory also predicts narrowed emission by polar solvation dynamics. Pyramidalization of the piperazine
spectra relative to absorption. The linear solvatochromism placesnitrogen attached to the polymethine chain of IR144 is expected
an~200 cnt! upper limit on the Stokes shift for the exchange to produce vibrational shifts of the spectrum and reduce or
solvent coordinate. With this hypothesis, the difference in time eliminate the sensitivity to polar solvation processes. This
scales between HDITCP and IR144 must be attributed to the difference between IR144 and other cyanines explains why echo
details of the charge rearrangement or to accompanying measurements on most cyani#fes could be modeled exclu-
vibrational relaxation. In any event, the more strongly polar sively in terms of vibrational wave packet spreading while IR144
relaxation is always slower. experiments were interpreted in term of polar solvatiol¥ The
There have been several discussions of the strong couplingsolvatochromic fit results suggest that one-third to one-half of
between polar and mechanical parts of the inertial solvent the IR144 solvation energy arises from self-consistent feedback
respons&®22 On longer time scales, both rotational diffusion between the solvent reaction field and the polarizable solute.
(hence dielectric relaxation) and translational diffusion (hence Although such large solute polarizability effects have been
shear relaxation) are inversely proportional to viscokity. questioned/ significant feedback is supported by the IR144
Molecular dynamics simulations have predicted that the solvent refractive index calculated from the free induction decay phase
relaxation slows as the solute dipole moment incre#s¥sn shift87 The large refractive index at zero frequency is caused
qualitative agreement with the observed trend from HDITCP by the strong IR144 charge resonance transition in the visible.
to IR144. Assuming a viscoelastic response in HDITCP and a The magic-angle pumpprobe transients show that the
dielectric response in IR144 would suggest that the two underdamped intramolecular vibrational quantum beats (ampli-
responses are strongly coupled on all time scales in polartudes and frequencies) are quite similar in all three tricarbocya-
solvents. In the harmonic spectral density picture underlying nine dyes. The biggest difference is a fastlQ0 fs) solvent-
M(t),2° this might be a question of the coupling spectrum rather dependent “coherence spike” observed rigar 0 in IR144
than the spectrum of modes. Physically, an outward propagatingbut not in HDITCP or IR125. This spike is attributed to the
relaxation might be apparently complete for short-range nonpolar femtosecond polar solvation response, which is present only in
solvation on a faster time scale than for long-range polar IR144 because only IR144 has a dipole moment change upon
solvation. Such strong coupling has been suggéshabsed on electronic excitation. The amplitude of the spike increases with
the general difficulty in distinguishing polar and mechanical the reorganization energy for decay Mft) on the same time
solvation!® A theory of the static cage relaxation energy would scale?®® The assignment of this response as “inertial” is supported
be valuable for untangling the relaxation dynamics of HDITCP. by the time scale and the femtosecond two-dimensional Fourier
Even if the processes observed in HDITCP cannot be fully transform electronic spectfa. The picosecond exponential
disentangled, the additional dynamics seen in IR144 can be usedlecays attributed to solvation dynamics and/or vibrational
to characterize the polar solvation dynamics. relaxation all have slower time constants and larger amplitudes
Some aspects of the data are inconsistent with the standardor IR144 (polar solvation) than HDITCP (nonpolar solvation).
multimode Brownian oscillator model: most obviously the Such a relationship is not obvious if polar and nonpolar solvent
differences between absorption and emission widths. Although responses are assumed to arise from independent additive
it is possible to fit the one-dimensional (1D) purprobe data ~ Processes. A relationship is expected if both processes are
for HDITCP with a Brownian oscillator model, such 1D models limited by the same molecular motions in every solvent (e.g.,
cannot incorporate this difference. These models also incorporatethe collisions underlying viscosity). More fundamentally, it
a fixed relationship between vibrational population and vibra- has been argued that mechanical and dielectric solvent responses

tional dephasing time scales. In preliminary fitting, we have have a strongly coupled effect on the equilibrium solvent
found that a Brownian oscillator model cannot fit both two- distribution so that the presence of one modifies the other even

dimensional Fourier transform (2D FT) electronic Spé@ﬁfand on the fastest time scalés.The observation that the polar
the 1D pump-probe data in methanol, but that the data sets response is uniformly slower than the nonpolar response agrees
can be simultaneously fit if pumpprobe amplitude 0f-0.08 with expectations for dielectric and mechanical frictfdnt is

is assumed to carry no reorganization enefgyhis would clear that vibrational relaxation, solvent responses to changes

suggest: (1) this amp”tude represents Changes in width thatin solute size, and dielectric relaxation in response to Change
differ between absorption and emission; (2) the time scales of in solute charge distribution all occur simultaneously and on
vibrational dephasing and vibrational population relaxation are similar time scales. Under these circumstances, comparison
Separate so that some vibrational reorganization energy isbetween structurally related molecules with polar and nonpolar
effectively double-counted by modeling both time scales in the Solvent responses provides an approach to measuring the change
pump-probe data with Brownian oscillators; or (3) the lifetime  in solvation dynamics caused by charge redistribution.

is not a single exponential.
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