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A method is presented that combines femtosecond polarization resolved UV/visible pump-IR probe
spectroscopy and density functional theory calculations in determining the three-dimensional
orientation of an electronic transition dipole moment (tdm) within the molecular structure. The
method is demonstrated on the approximately planar molecule coumarin 314 (C314) dissolved in
acetonitrile, which can exist in two ground state configurations: the E- and the Z-isomer. Based on
an exhaustive search analysis on polarization resolved measurement data for four different
vibrational modes, it is concluded that C314 in acetonitrile is the E-isomer. The electronic tdm
vector for the electronic Sy— S; transition is determined and the analysis shows that performing the
procedure for four vibrational modes instead of the minimally required three reduces the 1o
probability area from 2.34% to 2.24% of the solution space. Moreover, the fastest rotational
correlation time 7, for the C314 E-isomer is determined to be 26 £2 ps. © 2009 American Institute

of Physics. [doi:10.1063/1.3236804]

I. INTRODUCTION

Establishment of correlations between molecular struc-
tures, temporal changes in structure, and their function in
chemical and biophysical reaction mechanisms provides a
major challenge in understanding chemistry and biology.1
Various spectroscopic methods exist for extracting structural
information, e.g., x-ray2 or neutron diffraction,3 electron
microscopy, electron paramagnetic resonance,” nuclear
magnetic resonance (NMR),6 Stark spectroscopy,7 and mo-
lecular beam laser spectroscopy.8 Each of these methods has
its own strengths and limitations, and therefore they often
provide complementary information. Since the reaction cas-
cade of photoreceptors, for example, spans timescales from
femtoseconds to seconds, a complete understanding requires
combining several methods capable of yielding structure in-
formation on different timescales. NMR, for instance,
samples structural dynamics taking place from microseconds
to seconds. In recent years much effort has been put in de-
velopment of femtosecond x-ray diffraction for real-time ul-
trafast structure determinations. Particularly for biomol-
ecules, radiative damage occurring during these
measurements is a serious issue in femtosecond x-ray
diffraction,9 and in view of this the chances are that the out-
come may be affected by the interrogating x-ray pulses
themselves.

Changes in interactions of water molecules and local
structural protein motifs with a protein cofactor in the ther-
modynamic ground state as well as for reaction intermediates
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are of utmost importance to understand the reaction mecha-
nisms that natural evolution has optimized.10 For instance,
these interactions can result in structure changes that lead to
symmetry breaking. Moreover, the three-dimensional (3D)
structure need not be exactly the same in vivo as in the gas or
crystalline phase. Therefore, it is paramount to develop tech-
niques capable of providing structural information on bio-
logical (model) systems in solution phase."’

Here we detail an alternative approach for obtaining lo-
cal structure related information on molecules in solution on
femtosecond to nanosecond timescales based on a combina-
tion of density functional theory (DFT) calculations and fem-
tosecond polarization resolved UV/visible pump-IR probe
spectroscopy. The method makes it possible to determine the
3D orientation of selected electronic transition dipole mo-
ments (tdms) of the molecule under investigation. DFT cal-
culations are performed to determine the 3D orientation of
vibrational tdms in the electronic ground state. Femtosecond
polarization resolved UV/visible pump-IR probe spectros-
copy is then used to determine the angle between the elec-
tronic tdm of a transition Sy— S, (‘u(_,) and selected vibra-
tional tdms. For each vibration the angle it makes with the
electronic tdm is determined, which therefore defines a cone
around the vibrational tdm of all possible orientations the
tdm of the pumped electronic transition could have. A unique
solution of the full 3D orientation of a selected electronic u
within the molecular frame requires measurement of the
angles between at least three linearly independent vibrational
tdm vectors and a single selected electronic tdm “u. The
three cones around the vibrational tdms will intersect in a
single unique line that fixes the 3D orientation of the ‘wu.

© 2009 American Institute of Physics
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FIG. 1. The two C314 isomeric structures: (a) Z-C314 and (b) E-C314.

Adding angles with additional vibrational tdms to the analy-
sis potentially reduces the error margins on the determined
orientation of the electronic tdm vector, as we will demon-
strate.

Precise knowledge of the 3D orientation of electronic
tdms within the molecular structure is of particular impor-
tance for systems such as photosynthetic complexes, where
this orientation serves as an important input parameter for
simulations of absorption spectra and energy transfer
processes.12 Recently, we applied the method to determine
the 3D orientation of the electronic tdm of the Q, transition
in chlorophyll a."® Electronic as well as vibrational tdms
have frequently been used before to identify molecular con-
formations and structures. An important advantage of the
method presented here is that it does not rely on any tech-
nique for preparing macroscopically aligned samples,14
thereby eliminating uncertainties with respect to the unique-
ness of the achieved orientation. In general it is difficult to
determine the full orientation distribution function from mea-
suring electronic transitions alone."

Whereas determination of the 3D orientation of an elec-
tronic tdm is based on the angles between ground state vi-
brational bleach signals and an optical excitation induced
electronic tdm polarization, dynamic evolution of the polar-
ization of increased absorption signals for vibrational tdms in
the electronic excited state contains the potential to reveal
information on structural dynamics during the excited elec-
tronic state’s lifetime. An important aspect is that, in contrast
to electronic tdms, many vibrations are associated with rather
local structural motifs.

Here the method is used to determine the electronic tdm
orientation of the Sy— S, transition of the laser dye ethyl-
2,3,6,7-tetrahydro-11-oxo-1H,5H,-11H[ 1] benzopyrano [6,7,
8-ij]quinolizine-10-carboxylate, also known as coumarin 314
(C314), dissolved in acetonitrile, and as a consequence we
implicitly determine its isomeric configuration. C314 is
stable upon photoexcitation to the energetically lowest elec-
tronic absorption (S,—S;), which has its maximum at 432
nm. In the midinfrared fingerprint region, C314 exhibits pro-
nounced vibrational absorption bands related to C=0 and
C=C vibrations. Two stable crystal structures have been
identified for C314, one for a yellow colored crystal that
corresponds to the Z-isomer [Z-C314, Fig. 1(2)]'® and an-
other for an orange colored crystal that corresponds to the

E-isomer [E-C314, Fig. 1(b)]."” The exhaustive search analy-
sis (ExSeA) on the data produces a single consistent solution
only for the E-isomer, and therefore proves that this is the
dominant ground state configurational isomer of C314 dis-
solved in acetonitrile.

Il. MATERIALS AND METHODS

Acetonitrile and C314 were obtained from Sigma-
Aldrich and used without further purification. The synthesis
of 13C isotopically labeled C314 at position C; (C314C) and
of 13C isotopically labeled C314 at positions C, and Cq
(C314C,, see Fig. 1) was performed according to the proce-
dure described by Van Gompel and Schuster."® The starting
materials for these syntheses, 2,3,6,7-tetrahydro-8-hydroxy-
1H,5H-benzo[ij]quinolizine-9-carboxaldehyde, diethyl
malonate-1, 3-13C,, and diethyl malonate-2-13C, were also
obtained from Sigma-Aldrich and used as received.

Polarization resolved femtosecond UV pump/mid-IR
probe experiments were performed at room temperature
(23 °C) using a Coherent Legend USP Ti:Sa laser/amplifier
system. The output of the Coherent Legend USP Ti:Sa laser/
amplifier system (pulse duration: 55 fs, wavelength: 800 nm,
repetition rate: 1 kHz) was used to generate mid-IR probe
pulses in the 5-7 um spectral range in a three step fre-
quency conversion process and to generate UV pump pulses
at 455 nm in a four step frequency conversion process. For
the probe pulses, the signal and idler pulses, from a double
stage B-barium borate (BBO)-optical parametrical amplifier
(type II phase matching, d=4 mm, seeded by white light
generated in a sapphire plate), were difference frequency
mixed in a AgGaS, crystal (type I phase matching,
d=1 mm). Tunable probe pulses with typical pulse duration
of 160 fs, spectral width of 100 cm™!, and 0.6 uJ were ob-
tained. For the pump pulses, idler pulses were generated
around 1055 nm from a single stage BBO-optical parametric
amplifier (type I phase matching, d=1 mm) pumped at 400
nm, and seeded by white light. These idler pulses were then
further amplified in a double stage potassium titanyle arsen-
ate (KTA)-optical parametrical amplifier (type II phase
matching, d=5 mm) pumped at 800 nm, yielding pulses
with a typical duration of 200 fs, a spectral width of 10 nm,
and energy of 130 wJ, which were subsequently sum fre-
quency mixed with 800 nm pulses in a BBO crystal (type I
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FIG. 2. Dependence of the energy (blue curve) for rotation around the
C3—C19 bond. The bond distance change (purple curve) between the C3 and
C19 atoms and the bond distances for the isomers E (green) and Z (red) are
also shown. The barrier height for the rotation from the E-isomer to the
Z-isomer is about 0.24 eV.

phase matching, d=1 mm) to generate pump pulses at 455
nm, with a spectral width of 270 cm™' and energy of 5 uJ.
These pump pulses were attenuated to limit excitation to
about 3% of the C314 molecules, far below saturation. The
time resolution obtained in the UV pump-IR probe experi-
ment was shorter than 400 fs and mainly limited by group
velocity mismatch.

The probe beam is split into two beams with polariza-
tions perpendicular to each other and overlapped with the
pump beam within the sample in order to measure simulta-
neously the signals for both parallel and perpendicular
pump-probe polarizations. After passing the sample both
probe pulses are dispersed with an imaging spectrograph
(grating of 150 lines/mm, f=320 mm) and recorded with a
2 X 32 element mercury-cadmium-telluride (MCT) array de-
tector (resolution of about 1.6 cm™).

lll. RESULTS AND DISCUSSION

A. Ground state calculations on coumarin 314

Based on the work of othelrs,lg_22 we used the 3D mo-

lecular structure of the C314 Z-isomer, determined experi-
mentally from the crystal structure [Fig. 1(a)], as the starting
configuration for DFT calculations with Gaussian code
(GAUSSIAN03).” Using DFT techniques [hybrid functional
B3LYP (Ref. 24) with 6-31G* or 6-31G™ basis sets] it was
verified that the structures of the Z- [Fig. 1(a)] and E-isomers
[Fig. 1(b)] correspond to local energy minima.*’ Figure 2
shows the relaxed potential energy surface for rotation
around the C3-C19 bond. The calculations show that the
E-isomer is 0.07 eV more stable than the Z-isomer. The bond
distance between the central atoms used for the calculation
of the rotational barrier (C3 and C19) has the shortest dis-
tance for the E-isomer, suggesting a slightly higher double
bond character. Vibrational normal modes and the corre-
sponding tdms were calculated for the optimized structures
of the Z-isomer and E-isomer. The tdm vectors (orange ar-
rows) within the molecular structure of the vibrational modes
relevant to the determination of the electronic tdm are shown
in Fig. 3. These modes and their tdm vectors (x/y/z) are
1 (C=C) (-16.658/1.091/-0.856), v, (C=C) (19.840/
—-2.755/0.633), vs(C=0) (6.269/11.398/1.241), and

J. Chem. Phys. 131, 124511 (2009)

FIG. 3. Calculated IR vibrations and tdms with atomic displacements
(blue arrows) and the tdm orientations (orange arrows) for the [(a)—(f)]
0,(C=C), v,(C=C), v3(C=C), v4(C=C), v5(C=0), and vs(C=0) vibra-
tions of E-C314 and for the (g) vs(C=0) vibration of Z-C314. Note that the
vibrational tdm fixes an orientation but not a direction.

15(C=0) (-13.929/20.145/1.751), respectively, for the
E-isomer. Analogously, for the Z-isomer the modes and tdm
vectors are v(C=C) (-14.710/0.610/-0.678), v,(C=C)
(21.601/-3.207/0.508), v5(C=0) (-8.123/1.950/-0.920),
and vs(C=0) (-17.679/20.717/1.437), respectively. The
significant difference in the tdm vectors for the vs(C=0)
mode creates the possibility of distinguishing the E-isomer
[Fig. 3(e)] and Z-isomer [Fig. 3(g)] in our experiments.

B. Assignment of the vibrational spectrum

Steady-state vibrational absorption spectra of C314 and
the isotopically labeled C314C and C314C,, dissolved in ac-
etonitrile, after subtraction of solvent contributions, are pre-
sented in Fig. 4. In the spectral range from 1500 to
1800 cm™ six distinct absorption bands are visible that are
assigned to four vibrational modes with C=C stretching
character and two C=0 stretching modes (see Table I).

Upon '3C labeling at position C; (C314C) the
1(C=C), 1(C=C), and »3(C=C) vibrations shift by -3,
-3, and —6 cm™!, respectively, in agreement with calculated
shifts of =2, -4, and —10 cm™, respectively. Double B
labeling of the carbon atoms of the two carbonyl groups at
positions C, and C,9 (C314C,) result in significant shifts of
the v5(C=0) and vs(C=0) vibrations to lower energies of
-38 and —43 cm™!, respectively, in line with calculated
shifts of —41/-43 and —44/-45 cm™'. Shifts of the other
four vibrations are negligible. Calculated isotopic shifts for
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FIG. 4. Upper panel: Steady-state vibrational absorption spectrum of cou-
marin 314 (black line), '*Cj-coumarin 314 (blue line), and 'C,,
13C g-coumarin 314 (red line) in acetonitrile, for the region relevant to the
femtosecond polarization resolved experiments. Lower panel: Calculated vi-
brational absorption bands in vacuum of these three coumarin 314 isotopes
(scaled by 0.97).

the E- and Z-isomers of C314C or C314C, show negligible
differences for these modes between the two isomers. There-
fore, the two C314 configurational isomers cannot be distin-
guished by comparing the experimentally observed isotope
shifts for these vibrations. However, this question can be
solved with our method by comparing the additional struc-
tural information on the vibrational tdm orientations for the
calculated structures.

C. Calculation of the electronic transition dipole
moment

For the full geometry reoptimization we used DFT with
the B3LYP exchange-correlation functional and a 6-31G™*
basis set as implemented in the program JAGUAR.” Elec-
tronic structure calculations were carried out with the
Q-CHEM software package26 based on the fully optimized ge-
ometry. The excitation energies and tdms to the first ten ex-
cited states were calculated using time-dependent DFT with
the standard B3LYP exchange-correlation functional. Perma-
nent and transition dipole moments were calculated with
Q-CHEM using the ground state and transition state electron
densities, respectively.

The ground state permanent dipole moment vector ()
was calculated to be g =y, iy, u,)=(7.2999,-2.9577,

TABLE I. Comparison of the measured and calculated frequencies in cm

with a factor of 0.97.

J. Chem. Phys. 131, 124511 (2009)

-0.1494) for E-C314 and u,,=(8.0609,-5.8957,-0.1377)
for Z-C314. Calculations of the electronic tdms result in a
So—S; electronic tdm of ‘ug_;p=(-3.1347,0.5917,
-0.0950) for E-C314 and ‘ugy ., ,=(-3.1502,0.4454,
—0.0521) for Z-C314, both spectrally well separated from
other significant transitions. The angles between the calcu-
lated ground state permanent dipole moment vector u, and
the calculated tdm vector ‘u_,; are —13° and —28° for the
E-C314 and Z-C314, respectively, contrasting with the state-
ment of Benderskii and Eisenthal' that they are oriented
parallel.

D. Femtosecond polarization resolved UV pump-IR
probe experiments

The polarization resolved transient vibrational absorp-
tion dynamics of C314 after S,— S excitation can reflect the
fluorescence lifetime T of the electronic excited state, the
rotational anisotropy decay, and in case of efficient internal
conversion relaxation of a vibrationally hot electronic ground
state. For C314 the latter is a negligible process. In general a
molecule has three different moments of inertia and at most
five rotational correlation times TC.27 In our experiments only
the shortest rotational correlation time 7. could be deter-
mined within the experimental time window of 100 ps. Tran-
sient signals of selected bleaching bands are presented for
isotropic conditions in Fig. 5(a) and for parallel and perpen-
dicular pump-probe polarizations in Fig. 5(b). The isotropic
response was constructed by adding the signal for parallel
polarization and twice the signal for perpendicular polariza-
tion. The decay of the isotropic signals is governed by the
fluorescence lifetime 7 only, which lies in the nanosecond
regime,20 and therefore causes negligible decay during the
first 100 ps. For parallel and perpendicular polarized tran-
sients an additional much shorter time constant is observed
of 26 =2 ps, in line with experiments on a similar molecule
coumarin 153.%® This rotational correlation time T, is associ-
ated with the smallest moment of inertia, with its axis of
revolution roughly parallel to the x-axis in Fig. 1. Assuming
for now that the effect of rotation around the other two rota-
tional axes is negligible, there are three conditions under
which rotation around a single axis has no effect on the an-
isotropy of the transient IR vibrational absorption signals: (1)
if the vibrational tdm vector is parallel to the rotational axis,
(2) if the vibrational tdm vector makes an angle of 54.7°

~!. Calculated frequencies are scaled

n(C=C)  n(C=C)  n(C=C) 1n(C=C) K(C=0)  y(C=0)
C314 (measured) 1522 1562 1592 1622 1729 1753
E-C314 1528 1550 1593 1622 1714 1794
Z-C314 1529 1550 1596 1622 1739 1812
C314C (measured) 1519 1559 1586 1621 1728 1752
E-C314C 1526 1546 1583 1621 1713 1793
Z-C314C 1527 1546 1586 1621 1738 1811
C314C, (measured) 1522 1561 1591 1619 1691 1710
E-C314C, 1528 1548 1591 1622 1673 1750
Z-C314C, 1529 1548 1596 1622 1696 1767
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FIG. 5. Transients (symbols) and fitted curves (solid line). (a) Transients of

the isotropic signals (A=A, +2A,,,) of C314 for various frequencies. (b)

Transients at various frequencies for probe polarizations parallel (solid
circles) and perpendicular (open circles) to the pump pulse polarization.

(magic angle) with the electronic tdm, or (3) if the electronic
tdm vector is parallel to the rotational axis. In the latter case
for each individual vibration the vibrational tdm vectors of
the ensemble of molecules are isotropically distributed on a
cone around the electronic tdm (and axis of rotation), with
opening angle determined by the intramolecular angle be-
tween the vibrational and electronic tdms. In Fig. 5(b) the
transients and fits for parallel and perpendicular polarizations
are plotted for selected vibrational bands. After 100 ps the
transients at 1755 cm™!, corresponding to the v4(C=0) vi-
bration, exhibit no residual anisotropy, i.e., the signals for
parallel and perpendicular polarizations are identical, while
for transients at 1523 cm™' [7,(C=C)] and 1621 cm™'
[v4(C=C)] a residual anisotropy remains [Fig. 5(b)]. Due to
the decaying anisotropy we can conclude that the electronic
tdm vector is not parallel to the axis of rotation for the small-
est moment of inertia. The small anisotropy amplitude for the
transient at 1755 cm™! indicates a cone angle of this vibra-
tional tdm to the electronic tdm close to the magic angle.
After a longer time, when all rotation correlation times*"%!
have affected the signal, all anisotropic contributions will
decay.

The total decay associated spectrum (DAS), i.e., the ini-
tial signals at =0 ps, were obtained for both polarizations
by extrapolating to t=0 ps the fits obtained from a global
fitting procedure that yielded two exponential decay compo-
nents of 26 ps and 1.4 ns, respectively. To determine the pure

J. Chem. Phys. 131, 124511 (2009)
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FIG. 6. DASs at time zero for probe pulse polarizations parallel (blue
circles) and perpendicular (red circles) to the pump pulse. Solid lines: Simu-
lations of the two DASs with six Lorentzian lineshapes for the ground state
and excited state, respectively.

bleaching amplitudes without the impact of overlapping
positive signals, the perturbed free induction decays at nega-
tive delay times were fitted for pronounced bleaching bands
to extract the amplitudes at t=0 ps for both polarizations.
The isotropic negative signals extrapolated to t=0 ps corre-
spond to the steady-state vibrational absorption. These are
needed for decomposing the DAS in the negative and posi-
tive signal contributions, of which the results are shown in
Fig. 6.

E. Analysis of the data

The DASs in Fig. 6 were reconstructed for both polar-
izations with six Lorentzian vibrational absorption bands for
the electronic ground state and six Lorentzian absorption
bands for the electronic excited state. The spectral positions
and Lorentzian widths of the bleaching bands were deter-
mined by steady-state IR absorption spectroscopy, and these
parameters were fixed in the fitting procedure. The outcome
of the optimal fit of the DAS was used to evaluate the di-
chroic ratios D of the vibrational modes (D=A;/A |, with A,
and A | the absorption changes for parallel and perpendicular
polarizations, respectively). The resulting relative angles
(®=arccos[(2D-1)/(D+2)]"?) with 1o error ranges calcu-
lated with the standard *error margins are presented in Table
II. This method does not take the full multidimensional so-
lution space into account.”’

If the values give unphysical results, the too optimistic
error margins of the standard procedure prevent obtaining a
physical solution within the 1o error range of the multidi-
mensional solution surface, and therefore the angle is con-

TABLE II. Relative angles measured between the electronic tdm and vibrational tdms for the ground state and
excited state. 1o standard error margins are in parentheses.

Frequency Angle Frequency Angle
Vibration State (ecm™) (deg) State (cm™) (deg)
1, (C=C) So 1522 6 (+1/-2) N 1546 0 (+4/--+)
1,(C=C) S, 1562 15 (+1/-2) s, 1568
13(C=C) So 1592 15 (+1/-1) S 1611 36 (+2/-1)
v, (C=C) So 1622 N 1632 51 (+2/-1)
v5(C=0) So 1729 60.5 (+0.4/-0.3) S 1723 63.4 (+0.3/-0.3)
v,(C=0) So 1753 45.8 (+0.2/-0.1) S 1750 46 (+2/-1)
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TABLE III. Relative angles measured between the electronic tdm and vibrational tdms for the ground state and
excited state. ExSeA 1o error margins are in parentheses.

Frequency Angle Frequency Angle
Vibration State (em™) (deg) State (em™) (deg)
1 (C=C) So 1522 6 (+17/-6) Sy 1546 0 (+19/--+)
1,(C=C) So 1562 15 (+22/-15) S 1568 18 (+72/-18)
1;(C=C) So 1592 15 (+7/-15) S 1617 36 (+54/-36)
r,(C=C) So 1622 6 (+15/-6) Sy 1636 51 (+39/-51)
v5(C=0) So 1729 61 (+14/-12) S 1723 63 (+12/-10)
v,(C=0) So 1753 46 (+10/-11) S, 1750 46 (+44/-46)

sidered undeterminable. Consequently, we also applied Ex-
SeA (Ref. 29) to obtain a more reasonable mapping of the
error range. Results for the angles and their 1o ranges are
presented in Table III.

The multidimensionality of the solution space is taken
into account in the ExSeA and allows determination of all
angle ranges with larger but more realistic error margins. The
angles with the highest accuracy are those for v, v,, vs, and
vs. The angles indicate that the possible solutions for the
electronic tdm vector lie on a cone with the determined
(opening) angle for a given vibration. We now select first the
cones around v, v, and v¢ and determine their intersection.
For three or more noncoplanar vibrational tdm orientations
only one intersection of the cones should exist, which is
identified as the orientation of the electronic tdm." Since we
do not consider a single value of the angle for each cone but
explicitly consider the probability distribution around the
most probable value, a range of three-cone-intersections with
associated probabilities is obtained.

The probability of a specific angle ® for a single cone
distribution can be determined by the ExSeA, which pro-
vides an angle range for a given confidence level. For every
angle © the highest confidence level c,,,, with angle range
containing the angle ® was determined to weight the prob-
ability by (1-cpa)/100. For example, if a specific angle ©
lies in the angle range of the confidence level of c,,,=70%
but not of ¢=69.9%, the assigned probability is 0.3. After
assigning all angle probabilities, they are normalized. With
this procedure we are able to assign a probability P to each
cone angle ® and determine the asymmetric error ranges.
The intersection for three or more cone angles fixes the ori-
entation of the electronic tdm."

Without any additional requirements the 3D orientation
of uy_,; within the molecular frame can be obtained by
solving the linear equation

Mix M1y Mig ‘1 cos ©,
Moy Moy Mo e,U«y = cos O, |,
M3y M3y Maz) \‘um, cos O

where the matrix contains the calculated orientations of the
vibrational tdm vectors and 0, are the three measured angles.
Note that two solutions are associated with each cosine 0,
term. The vector solution of this equation is the intersection
of the three cones. The variation of the measured angles ©;
gives a distribution of solutions @, ;, where j denotes the
discrete solutions for the measured angle ;. The probability

of a specific solution for three measured angles is given by

P(0,)P(0,)P(05)
3 x(P(O;)P(0,)P(05,))’

P(“u) =

where the denominator represents the normalization factor.
As a result we receive a 3D solution surface, color coded for
different probability ranges [Fig. 8]. From the solution space
we can determine the orientation of the electronic tdm,
which is given by (x/y/z)=(-0.987/0.159/-0.029). The so-
Iution space of the electronic tdm unit vector is plotted in
Fig. 7 as projections on different Cartesian planes. Although
the error margins according to Fig. 8 seem symmetric around
the optimal solution on the 3D sphere, it is clear from Fig. 7
that the error margins can become very asymmetric for pro-
jections on different Cartesian planes. For a multidimen-
sional asymmetric probability distribution it is ambiguous to
define a one-dimensional 1o range for a Cartesian coordi-
nate. However, a multidimensional 68% probability range
can be determined. Since we have a continuous solution
space, we can integrate along decreasing probabilities until
we reach an integrated probability of 0.6827. The integration
limit defines the level curve of the P, range. The resulting
3D P, range presented in Fig. 8 (green color) can be com-
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FIG. 7. Projections of the 3D solution on the Cartesian planes using (a) the
three vibrational tdms v;(C=C), v4(C=C), and v4(C=0) and (b) the four
vibrational tdms »,(C=C), 1,(C=C), v5(C=0), and y,(C=0).
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FIG. 8. 3D solution surface of the S;— S, electronic tdm of C314. The color
indicates the relative probability of a specific direction for the tdm. The
solution surface is located on the surface of the unit sphere (dashed) with an
optimal solution at “uq_,;=(-0.994/0.107/-0.020). Note that the second
and opposite solution —(“x_.;) is not shown.

pared with the entire surface of the half-sphere to estimate
the precision of the result. Here, the 3D P, range covers
2.34% of the half-sphere surface, while the 3D P,, range
covers 7.17%.

The method presented here intrinsically combines ex-
perimental data with results from theoretical DFT calcula-
tions in order to extract the electronic tdm vector. Therefore,
next to experimental error margins, uncertainties in the cal-
culated vibrational tdm vectors for the electronic ground
state may affect the accuracy of the final result. If the actual
vibrational tdm vectors deviate in a correlated manner from
the calculated vectors (all rotated over the same space angle)
this will result in an inaccessible systematic error. This situ-
ation is, however, highly unlikely for the (minimally) three
linearly independent vibrational tdms required to perform the
analysis. If deviations between calculated and actual vibra-
tional tdms are uncorrelated, using an increased number of
vibrational tdms should average out the influence of these
deviations on the end result. The planarity of C314 should
make this molecule fairly rigid to changes in solvent polarity.
Uncertainties in the vibrational tdm vectors determined with
DFT calculations are therefore expected to be considerably
smaller than the 1o error ranges for the experimental data
listed in Table III, and as a consequence exert an immaterial
influence on the obtained electronic tdm vector.

A higher precision is obtained by using more than three
vibrational tdms. Introducing a fourth cone angle of the vi-
brational v5(C=0) mode, we get a narrower probability dis-
tribution, which results in an electronic tdm orientation of
(x/y/7)=(-0.994/0.107/-0.020). It is obvious from Fig.
7(b) that the solution calculated with four vibrational tdms
has a higher precision. This is also reflected in the 3D P,
range, which becomes narrower and covers now 2.24% of
the half-sphere. As seen in Fig. 7, the error margin for the
determined electronic tdm vector is twice as big for the pro-
jection on the z-axis as for the projection on the y-axis. The
smallest error margin is found for the projection on the
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x-axis. The largest error margin for the z-axis component is
to be expected, since the used vibrational tdms have only
small z-components. Assuming a symmetrical distribution
the 1o probability surface area of 2.24% would correspond
to a space angle of about *8°. Improving the signal to noise
ratio of the data and selecting vibrational tdms with signifi-
cant contributions in all directions can further enhance the
precision of the result. '3 Furthermore, the electronic tdm vec-
tor determined with four vibrations makes an angle of 4.6°
with the theoretically calculated tdm vector for the E-isomer
of C314, indicating that within the error margins experiment
and theory are in agreement. Note that the angle between the
theoretically determined “u .| z and “uq ., 7 is only 2.8°.

The intersections of the 1o cones of vibrations vy, vy,
and vy are presented in Fig. 7(a) for the C314 E-isomer. A
similar solution is obtained for the C314 Z-isomer. Introduc-
ing a fourth cone angle of the vibrational vs(C=0) mode
there is no intersection of these three cones with that of the
vs vibration for the Z-isomer. In contrast, we do obtain a
single solution for all investigated vibrations for the
E-isomer [Figs. 7(b) and 8], and as a consequence the unique
orientation of the Syp—S; electronic tdm “u .,y for the
C314 molecule. The ability to distinguish between the E- and
Z-isomer therefore is solely due to the markedly different
vibrational tdm orientations of v5(C=0) in these two iso-
mers [see Figs. 3(e) and 3(g)], and the experimental data
indicate that our compound in actonitrile is predominantly
the E-isomer of C314. This is in line with the conclusion
from the gas-phase DFT calculations that the E-isomer is
0.07 eV more stable than the Z-isomer. If a similar energy
difference persists in acetonitrile solutions of C314 maxi-
mally 7% of C314 would be the Z-isomer in thermodynamic
equilibrium.

IV. CONCLUSIONS

A new method was detailed that allows the determina-
tion of an electronic tdm orientation within the molecular
structure. This method combined polarization resolved fem-
tosecond UV/visible pump-IR probe spectroscopy, ExSeA
on the experimental data, and DFT calculations in the elec-
tronic ground state. DFT calculations provided the ground
state vibrational tdm vectors of the C=C stretching and
C=0 stretching vibrations selected for experimental investi-
gation. Femtosecond polarization resolved visible pump-IR
probe experiments then allowed the determination of the
angles these vectors make with the electronic tdm “uy_,; of
the S,— S, transition, selected through optical excitation.
Combining cones of the orientation distribution given by
these determined (opening) angles results in a unique inter-
section only for the C314 E-isomer. Consequently, the C314
Z-isomer can be ruled out as the (dominant) isomer of C314
in acetonitrile solution at room temperature. In agreement
with this, gas-phase DFT calculations for the rotational bar-
rier around the isomerization bond demonstrated that the
E-isomer is expected to be 0.07 eV more stable than the
Z-isomer. The electronic tdm orientation for the S;— S, tran-
sition, determined with experimental angle data for four dif-
ferent vibrations, is (x/y/z)=(-~0.994/0.107/-0.020), with
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the reduced 10 probability covering 2.24% of the half-sphere
solution surface, whereas the reduced 1o probability covered
2.34% of the solution surface if only three vibrations were
used to determine the orientation. The experimentally deter-
mined electronic tdm vector deviates only 4.6° from the ori-
entation calculated theoretically with Q-CHEM. From polar-
ization resolved femtosecond visible pump-IR probe
measurements it is further concluded that the fastest rota-
tional correlation time of the C314 E-isomer is 26 =2 ps.
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