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Excited-state intramolecular charge transfepafimethylaminobenzonitrile (DMABN) in benzene, toluene,

and dioxane is studied. By combining the recent continuum quadrupolar solvent theory of Jeon and Kim
[J. Phys. Chem. £00Q 104, 9812] and the two-dimensional formulation of the DMABN photoreaction in
dipolar solvents by Fonseca et al. Mol. Lig. 1994 60, 161], the influence of both solvent quadrupole
reorganization and solute twist on the reaction free energetics and dynamics is accounted for. The solution-
phase reaction paths are investigated with the aid of experimental information on the frequencies associated
with solute torsional and collective solvent quadrupole dynamics. The rate constants and transmission
coefficients are analyzed using transition state theory with the neglect of dissipative dynamics. Our results
are in reasonable agreement with the experimental findings in quadrupolar solvents.

1. Introduction guadrupole moments, such as benzene, toluene, and di&kane.
Hereafter, these will be referred to as quadrupolar soh&nts.
This indicates that there exists significant outer-sphere reorga-
nization in this solvent class, just like in highly dipolar solvents.
Several other experiments on electron trarf&fé? and solvation
dynamicg®-32 lend further support to the importance of solvent
guadrupole reorganization. However, there have been only
limited theoretical efforts to understand and quantify the
solvation effects on charge shift and transfer processes in
quadrupolar solvent&:3429 Recently, Jeon and Kim have

" developed a continuum theory to describe equilibrium and
nonequilibrium solvation in quadrupolar solvefts® Its ap-
plicatior?” to electron-transfer free energetics in benzene has
yielded reasonable agreement with experiméi&.In this
paper, we extend this theory to include collective solvent
quadrupole dynamics and apply it to study the DMABN
photoreactions in benzene, toluene, and dioXares noted in
section 3 below, with minor changes, the formal structure of
the TICT description we derive in the quadrupolar solvents
becomes identical to that of related previous studies in the
dipolar solventd#18® Thus, we will extensively utilize this
connection to the earlier analyd&&and present only the main
results in the current contribution. For technical details, the
reader is referred to refs 14 and 18.

Since dual fluorescence of-dimethylaminobenzonitrile
(DMABN) was first observed in solution four decades ago,
great deal of attention has been paid to its excited-state
intramolecular charge transfer (EICT) dynamic& Though it
is still controversial to some extetit!’ the twisted intramo-
lecular charge transfer (TICT) idea proposed more than twenty
years agé provides an excellent mechanistic framework to
understand and interpret photoreactions of DMABN and related
molecules. In this TICT picture, EICT from the reactant state
which is initially in a planar geometry on thg; electronic
surface of DMABN, is accompanied by twisting of the dim-
ethylamino group with respect to the phenyl ring, so that the
two moieties become perpendicular in the product state. As
evidenced by many experimental findings that DMABN pho-
toreactions occur in solution and not in a vacuum, solvation
plays a crucial role in this reaction class.

A previous analysis of EICT kinetics by Kim and HyAgs
using a non-Markovian description couched in the two-
dimensional reaction coordinate formulafibrio account for
the DMABN twist and solvent polarization dynamics has yielded
good agreement with measureméh8 in acetonitrile and
alcohols. One of the noteworthy findings there is that in highly
polar solvents, the twist angle between the dimethylamino ) ) : ) )
group and phenyl ring is-25°—30° at the transition state. Thus Thg outlmle of this paper is as follows. In section 2, we give
DMABN does not need to undergo a full 9vist before charge ~ @ brief review of the continuum theory of quadrupolar
transfer can occur; a rearrangement of relatively small amplitude SOIVents®=*" The two-state electronic description used for
in 6 (this, of course, needs to be accompanied by necessaryexcmd-state DMABN and two-dimensional reaction coordinate

solvent reorganization) is sufficient for the system to reach the formulation of its EICT are explained in section 3. The results
transition staté4 This is in line with its rapid EICT kinetics O the reaction free energy surfaces, reaction paths, and rate
observed in acetonitrile and small alcohols. This early transition constants in benzene, toluene, and dioxane are presented in
in highly polar solvents arises from strong solvation stabilization S€ction 4, while section 5 concludes.
of the charge-transfer product state, which tends to make the
transition state more like the planar reactant state (‘Hammond 2. Continuum Theory of Quadrupolar Solvents
postulate”)4 o . . .

While EICT for DMABN and closely associated derivatives We begin with a brief reprise of the recent continuum

occurs mainly in solvents of high polarity, it is observed also formglation of equilibrium and nonequilibrium solv_ati70n ina
in nondipolar or weakly dipolar solvents with large molecular polanzaple and quadrupolar solvent by ngn and.i’érrﬁ. The
solvent is described in terms of the densities of its quadrupole

t Part of the special issue “Noboru Mataga Festschrift”. and induced dipole moments; hereafter, these densities will be
* Corresponding author. referred to as quadrupolarization and electronic polarization
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fields, Q andPe, respectively. For a solute immersed in a cavity
that excludes the solvent, the total Hamiltonkhim the presence
of arbitrary Pe; and Q is35:36

F|=|3|°+ifvdr P, ()]
+3 [l Vo Pyr)- [vv' r|] Pu(r")
— (Yd P(r)-& +i d :
J AP0 80) + e [ dr QM)
tyf o [ pyo [Vl
18[ ar [ dr' Q(r): [vvv'v' ]Q(r)

—éf dr Q(r):vé& (1)

where H° and & are the solute electronic Hamiltonian and
electric field operators in a vacuumandr' represent positions

in the solvent medium, the superscrigtindicates that the
integrations are restricted to the volume outside the cavity, and
A:B for second-rank tensor& andB denotesy;; A;Bj. For
simplicity, both the dipolar and quadrupolar susceptibilitigs,
andCq, are assumed to be scalars. The former is related to the
optical dielectric constant., = 1 + 4mye. In eq 1 the trace
part of the solvent quadrupolarization is retained, so @@)

is the density of the quadrupole momentevaluated over a
small volumeAV centered at

ngAVdr’p(r +r)rr 2
with the charge distributiop. Sinceq does not interact with
itself, the corresponding contribution at the continuum level,
viz., interaction ofQ(r) andQ(r') atr =r' is excluded. This is
denoted as the subscript th eq 1. The subtraction of a similar
self-interaction term foPg is absorbed intg. We note that
the induced and permanent components| ¢and thusQ) are
not distinguished in this continuum formulation of quadrupolar
solvents in eq 1.

To simplify H in eq 1, we invoke the ans&t#®

Q(r) = —3[VVA(r) +| f(r)]

C
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where| is the unit matrix,Y, are spherical harmonics with the
origin at the center of the solute molecule ahgd represents
the Im multipole component of a hypothetical solute charge
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distribution, with which the nonequilibriur® under consider-
ation would be in equilibrium. In eq 3, the factor measures
the degree of screening of the solute electric fieldhy and
S are dimensionless quantities defined®&8

b= [k ated) + 5k (ca)
167 -1(1+1(0+2)
* ng‘zco'ﬁ(m)] @
—_— | J—
SEM Gt e

+ % — 1)Cqla iy Ky (ce)

16 "Co(ca) 5, k(xa)

+(1——=«

(4)

and k(2 and k,d(z) are related to modified Bessel functions

Kn(2)

k(@ = \/nzZKHl/Z(Z); k;j(z) = |§k1(2) —ku@ )

The lengthy expression in square brackets on the right-hand
side of§ arises from the cavity bounda#§36

The relative time scales of the solute and solvent electronic
motions play an important role in a variety of reactions in
solution2® For a typical TICT system, the electronic coupling
is small, so that the solvent electronic response is much faster
than the solute electronic motions relevant to charge trakster.
In this regime, we can eliminat® adiabatically through
(SFI/(SPe. = 0 because it always follows tbe localized solute
charge distribution3°We can then obtaikl solely in terms

Of ih"ﬂ36
1 1
SR Gh SR G,
m m

where @i, is the solutdm multipole operator

A~

Ao -

= 2P (6)

f dx X Yi(6,, ¢ po(X) (7)
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associated with its charge density opergig{x). The reaction
field factorsR" andRY' in eq 6

Rm —

I+, —1) 1

I+ e, +1 g2
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R = sl + D+ § @an ©

characterize strengths Bf; andQ responses to then multipole
moment, respectively. Thig,(xa) factor in F%“ ineq 8
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167
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gauges the short-range effect of the solute-quadrupole interac-
tions, compared to solute-dipole interactions. The term involv-
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ing R™ on the right-hand side of eq 6 describes the dispersion hypothetical solute, with which nonequilibriu@ would be in
and polarization stabilizations of the solute through Coulombic equilibrium. Following the dipolar solvent ca&&'8we introduce

interactions withP.3° The terms quadratic and linear i, a dimensionless solvent coordinate

represent, respectively, the self-energy@énd its interaction _

with the solute, screened 3. A =s{p40=0° —51,(0=0°} + 1.6 =0° (15)
3. Theory and Model for TICT (For examples = 0 represents th® configuration, which is

equilibrated to the LE state charge distribution.) With eq 15,
Isolated DMABN. Here we briefly explain the electronic the effective Hamiltonian for DMABN in the two-state VB basis
description for DMABN employed in our study. In view of an becomes
excellent agreement between the previous analysis of ref 18
and EICT kinetics measurements in dipolar solvents, we use ~ Ge(0,9) —p(0)
the two-state valence-bond (VB) description there without any - B(6) G.(0, 9
modifications. To be specific, EICT of DMABN is described
by two orthogonal diabatic VB states, a locally excited (LE)
stateye(0) and a charge transfer (CT) stape(6), whered is
the above-mentioned twist angle between the amino group and
phenyl ring. The DMABN wave function in solution is described 1 1
as a linear combination of these two basis functions, with G (6, s) = E, — éRimyﬁ_,(e) —l—ER(lgm{suo—l—yl + (0}
coefficients that vary with both and the solvent quadrupolar-
ization configuration. In this VB representation, the vacuum o lam » 1_am )
electronic Hamiltoniarfi° is given by G0, 9) = Bt = SR el 0) + SR {stto + 1 + e 0)}
17)

(16)

where the diabatic free energies in solution vary with two
reaction coordinate8 ands

(10) By diagonalizing H, we obtain the two adiabatic excited
electronic states in solution together with their free energies as

0 0 o ) a function of ands. In particular, the lower of the two, given
whereE,, andE; are the vacuum diabatic energies for the LE py

and CT states, respectively, afidis the effective electronic

co_ (E&(e) —ﬁw))
—B(0) EX6)

coupling between the two. The solute electric field is assumed 1 1
to be point-dipolar in either electronic configuratiéa? Geier(0, 8) = S[Gie(0, 9) + G0, 9)] — S{Gie(0, 9)
- 2 2/ V1172
P (ﬁ|e(9) 0 ) an G(0, 9} +4p7(0)] " (18)
r3 ’ O ﬂct(e)

defines the electronic adiabatic free energy surface, upon which

o . _ - the solute torsional and collective solvent quadrupole motions
wherep is the solute ‘%"po'e operator ank and ziq are the occur after the initial photoexcitation from the ground state.
dipole moments associated with the LE and CT states, respec- \ye note that except for the difference arising from the

tively. reaction field factors, the structures of eqs-18 are exactly

_In the model calculations, we employ the following vacuum o same as those derived previously for DMABN photoreac-
diabatic energies (kcal mol) and dipole moments (D) [ref 18] tjons in dipolar solvent&* 1 Therefore, the kinetics analyses

there, such as reaction free energetics, reaction paths, and rate

Eu(0) = 13 sirf 6; EQ(0) = —1.5sirf 6 + 13 constants, are directly transferable to the present case with only
minor changes associated wig)" andRy". Thus we will not
We(0)=7; u0)=2 sirf 6 + 13 (12) present the technical details in our subsequent analysis of EICT

in the quadrupolar solvents. The interested reader is referred to
where both the LE and CT dipoles are parallel to the DMABN ref 14 for a more detailed description.
molecular axis. The parametric values in eq 12 were determined For numerical calculations, we need the cavity sizndQ
with the aid of existing ab initio quantum chemistry restiits ~ susceptibilityCq [cf. egs 3, 4, 8, and 9]. We employed the same
and experimental information on static electronic spectroscopy. 4.3 A for a as in ref 18. This value reproduces a2.3 kcal

As for the electronic coupling, we uSe mol~* red shift of the DMABN charge transfer absorption band,
observed experimentally when the solvent is changed from
£(6) = 1.8 cod 6 + 0.2 (kcal mol'?) (13) n-heptane to diethyl ethé?.*>As for Cq, we adjusted its value,

such that it correctly reproduces experimentally observed Stokes
i ) ; : ;
For further details on the DMABN model description and its Zh";t qf coumarin Esz?’gmzia(;h dsglvzeiﬁ.vt\)llth the staltlc
parametrization, the reader is referred to refs 14 and 18. ielectric constané = 2.3, 2.4, and 2.2 for benzene, toluene

Free Energy for EICT in Solution. We turn to DMABN in and dioxane, respectively, this yields the correspondig
solution. With the point-dipole assumption abo¥¢,n qua- values 3.56, 2.98, and 11.82 At room temperature.
drupolar solvents [eq 6] reduces to

1 1 4. Results
. A 1ma2 m 22 TP
H=H- ER‘” P ER}? (A% = 24-p) (14) The model calculation results are presented in Figure 1 and
_ Table 1. We begin by considering effective polarity of quadru-
We emphasize that in eq 14 is the dipole moment of a  polar solvents.



Charge Transfer Dynamics gfDimethylaminobenzonitrile

J. Phys. Chem. A, Vol. 106, No. 10, 2002325

TABLE 1: Theoretical and Experimental Results for DMABN at Room Temperaturea?

solvent €w € €app Co ws AG* AGrxn TrsT K Texp
benzene 2.24 2.3 4.59 3.56 9.4 3.5 0.9 146 0.90
toluene 2.23 2.4 4.32 2.98 17.7 3.6 11 180 0.93 (60)
dioxane 2.01 2.2 7.26 11.82 9.4 2.6 0.7 35 0.86 34
17.7 31¢° 0.90
acetonitril@ 1.81 35.9 8.3 15 —-3.0 6.0 0.78 6 4

aUnits for Cq, w, free energy and reaction times aré, fs %, kcal mol?, and ps, respectively.Reaction times are the inverse of the rate

constants, e.g.7rst = k{slT. ¢ Reference 324 Extrapolation from low-temperature measurements betwe&f °C and —94 °C [ref 13d].
e Estimations based on benzene and toluene solvent frequencies, respelditeééyence 13&. Calculated results are from ref 1'8Reference 19.

i Reference 20.
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Figure 1. Adiabatic free energy surfad8gicr(6, s) for DMABN in

€app fOr quadrupolar solvents

2eapp~ D1 _ m m
2yt L= TR (19

This is an effective dielectric constant, which takes into account
the solvation effects of botRe andQ of quadrupolar solvents
[cf. eq 8]. From egs 8 and 19, we see easily thgp varies
with the cavity size. This is due to the fact that the quadrupolar
fields are of shorter range than the dipolar fields. In Table 1,
the results foreapp in the presence of DMABN, i.e., with =
4.3 A, are compiled. It should be noticed thag, = 4.6, 4.3,
and 7.3, respectively, for benzene, toluene, and dioxane are
considerably larger than theig values, 2.3, 2.4, and 2.2. This
means that the polarity of quadrupolar solvents measured as
their capability of solvating dipolar solutes is significantly higher
than the conventional scale based on their dielectric constant
€o. This is because the contributions to solvation stabilization
arising from the Coulombic interactions of the solutes with the
solvent quadrupoles is completely neglected in the latter. Also
in this context, dioxane is more “polar” and thus solvates charges
and dipoles better than benzene and toluene. We note that
various empirical solvent polarity scal#ssuch asEr(30) and
ar*, show trends similar to what we have found here.

Reaction Free Energy Surfaceln Figure 1, the excited-
state reaction free energy surfacgscr [eq 18] for DMABN
in benzene and toluene are displayed as a functighanids.
In each case, two local minima corresponding to the reactant
and product states are separated by a barrier region with a saddle
point, i.e., transition stat®. The s and 6 values for the two
minima show that the reactant state~ 0 andf ~ 0°) is
essentially the LE state in planar geometry, while the product
state § ~ 1.3 andf ~ 90°) is mainly given by the CT state in
perpendicular geometry. The location of the transition state is
0% = 38° ands® = 0.90 for benzene, 3%nd 0.91 for toluene,
and 33 and 0.87 for dioxane. Their respective barrier heights
AG* (viz., the free energy difference between the reactant and
transition states) and free energies of react\@®, (i.€., free
energy difference between the reactant and product states) are
AG* = 3.5, 3.6, and 2.6 kcal mot andAGx, = 0.9, 1.1, and
0.7 kcal mof?! [Table 1]. For comparison, EICT in highly
dipolar acetonitrile is characterized 8§ = 25°, s*f = 0.82,
and AG* = 1.5 kcal mot1.18

Three points are important to make here. The first is that the
qualitative features (and some quantitative aspectSkefr and
associated stable and unstable states in the quadrupolar solvents
are nearly the same as those found previously for dipolar

(a) benzene and (b) toluene. The free energy difference for two nearbysolventst#18 This close similarity between the two different

contour lines is 0.35 kcal mot. The SRP in each solvent is plotted as
a thick solid line.

Apparent Dielectric Constant. In their recent continuum

solvent classes clearly indicates that the solvent quadrupoles
modulate the solution-phase free energetics in a significant way,
analogous to the solvent dipoles. Second, because thermal
energyksT is ~0.6 kcal mot? at room temperaturekg and T

study, Jeon and Kim introduced an apparent dielectric constantare Boltzmann’s constant and temperature), charge-transfer
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reactions for DMABN in the quadrupolar solvents studied here with the experimental result, 34 ps [ref 13a]. As for toluene,
fall in the high barrier regimeXG* = 4kgT). Third, Ggict in the TST resultzrst = 180 ps, is three times longer than the
dioxane is characterized by an early transition state and a lowexperimental estimate 60 ps, based on the low temperature
barrier height, compared with benzene and toluene. Since themeasurementsdWhile the discrepancy of this magnitude might
former is more polar than the latter two (in tlag,, context look severe, it nonetheless corresponds to a mekgT
above), the CT state (and thus product state) is better stabilizeddifference in terms ofAG*. Furthermore, considering the
in dioxane than in benzene and toluene. This makes the potential uncertainties involved in the extrapolation of the low
transition state character more reactant-state-like (HammondT data, we think that the agreement between our analysis and
postulate) and reduces the barrier height in dioxane. It should experiments is also reasonable for toluene.
be pointed out that this trend witkyy, for the quadrupolar Finally, we consider the transmission coefficiantwhich
solvents is exactly the same as that wilfor dipolar solventd# measures the nonequilibrium solvation effect on the reaction
Between benzene and toluene, thgjpis nearly the same, and  rate; i.e. krst = « kes, wherekesis the rate constant determined
so are their reaction free energetics and transition state charactemunder the assumption of equilibrium solvatifié For the
Reaction Paths and Rate ConstantsTo understand the  quadrupolar solvents considered herds found to be rather
dynamical effects on EICT, we consider the solution-phase close to unity £0.9 in Table 1). Because the barriers in these
reaction path (SRP'. defined as a steepest descent path with solvents are high as pointed out above, they are sharp with large
zero kinetic energy from the transition state to the reactant and curvature. Therefore, as the system crosses the barrier from the

product states in the mass-weighted coordinate sy8tem reactant side, it rapidly falls into the product well. As a result,
it cannot easily recross the barrier back to the reactant region.
ly dO _ my ds This explains why the nonequilibrium solvation effect on rate

(20) constants in these solvents is lower than that in highly dipolar

acetonitrile £ ~ 0.78) with a smaller barrier.

Herely andms are, respectively, the moment of inertia associated )
with solute torsional motions along and effective mass 9 Concluding Remarks

associated with solvent inertial dynamics alomgThe latter In this paper, we have studied excited-state intramolecular
motions, often accessible via ultrafast time-resolved spectros-charge-transfer reactions of DMABN in polarizable, quadrupolar
copy?32 arise from non-dissipative, collective solvent quadru- soplvents. By combining the recent continuum theory of qua-
pole reorientations, i.e., inerti@ fluctuations, in our descrip-  drupolar solven§37 and the previous two-state TICT reaction
tion. The values for the two mass factors are determined, soformulation in dipolar solvents!8we investigated its reaction
that the solute torsional frequency in a vacuam,~ 14 ps 1,812 free energetics, reaction paths, and rate constants in benzene,
and solvent frequencies (vizgs = 9.4 and 17.7 ps for toluene, and dioxane. We found that the basic features of the
benzene and toluef@ are well reproduced in our model two-dimensional free energy surfaces in these solvents are nearly
description. The results for SRP are shown on the free energythe same as those in highly dipolar solvents. We examined SRP
surfaces in Figure 1. Even though th@gcr are very similar,  on these surfaces with the aid of experimental information on
the SRP differs significantly between benzene and toluene due,,8.12 and w32 and calculated the TST rate constants and
to the difference inws. Specifically, for benzene whose inertial  transmission coefficients. It was found that our results for
Q dynamics are slower than solute torsional motions, the solvent gioxane agree well with the measuremégitsiowever, the TST
cannot keep up in the rapid passage over the barrier and it mustate for toluene is about three times lower than the experimental
extensively rearrange prior to that passage. Therefore its SRPestimate made via the extrapolation of low-temperature
in the barrier region is nearly in the twist coordinate, while itis measurementsd
mainly in the solvent coordinate near the reactant state. By |n the present study, we have not considered the dissipation
contrast, for faster tolueneys and wy are nearly comparable,  associated with solute torsional and solvent quadrupolarization
so that botls and@ are active partiCipantS thrOUghOUt the entire dynamics_ According to ref 18, dissipative dynamics make an
course of reaction. important contribution to reaction kinetics for DMABN in
We proceed to the reaction rate. In the present study, we hydroxylic solvents, such as methanol and ethanol. But it was
neglect the dissipative effects and determine the rate constani|so found there that the rate constants in the aprotic solvents
using the two-dimensional transition state theory (TST) expres- are not strongly influenced. We thus believe that the current
sion' formulation with account of only nondissipative dynamics
provides a reasonable description for DMABN photoreactions
R R . S e
_ 1 @y wg + in quadrupolar solvents. Nevertheless, it will be worthwhile in
Krst= 21 exp[~AG /kgT] (21) the future to include dissipative dynamics and quantify its effects
. on excited-state intramolecular charge-transfer kinetics of
dZ)MABN and related TICT molecules.

3Gg /30 3Ggcr/ds

where the prefactor contains the frequencies in the reactant an
transition state regions aloni) @nd transverse) to the SRP.
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fimesrer = k;éT are summarized in Table 1. A general trend understanding of charge transfer kinetics in solution.
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