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Organic molecules possessing intramolecular charge-transfer properties (D-π-A type molecules) are of key
interest particularly in the development of new optoelectronic materials as well as photoinduced magnetism.
One such class of D-π-A molecules that is of particular interest contains photoswitchable intramolecular
charge-transfer states via a photoisomerizable π-system linking the donor and acceptor groups. Here we report
the photophysical and electronic properties of the trans to cis isomerization of 1-(pyridin-4-yl)-2-(N-
methylpyrrol-2-yl)ethene ligand (mepepy) in aqueous solution using photoacoustic calorimetry (PAC) and
theoretical methods. Density functional theory (DFT) calculations demonstrate a global energy difference
between cis and trans isomers of mepepy to be 8 kcal mol-1, while a slightly lower energy is observed
between the local minima for the trans and cis isomers (7 kcal mol-1). Interestingly, the trans isomer appears
to exhibit two ground-state minima separated by an energy barrier of ∼9 kcal mol-1. Results from the PAC
studies indicate that the trans to cis isomerization results in a negligible volume change (0.9 ( 0.4 mL mol-1)
and an enthalpy change of 18 ( 3 kcal mol-1. The fact that the acoustic waves associated with the trans to
cis transition of mepepy overlap in frequency with those of a calorimetric reference implies that the
conformational transition occurs faster than the ∼50 ns response time of the acoustic detector. Comparison
of the experimental results with theoretical studies provide evidence for a mechanism in which the trans to
cis isomerization of mepepy results in the loss of a hydrogen bond between a water molecule and the pyridine
ring of mepepy.

Introduction

The importance of nonlinear optical materials in high-speed
optical modulators, optical storage media, and fast/ultrafast
optical switches, etc., has stimulated research efforts into the
development and characterization of novel classes of molecules
which can exhibit diverse polarization properties both in the
ground and excited states.1-5 One class of molecules which have
demonstrated nonlinear optical (NLO) properties and are of
current research interest is known as “push-pull” type mol-
ecules. The nonlinear optical effects associated with these
molecules are due to the presence of an electron-accepting group
on one side of a conjugated moiety and an electron-donating
group on the opposite side. This enhances the polarizability of
the double bond region allowing for additional polarization to
be induced in the presence of an electric field. Typically, amino,
dialkylamino, ether, or oxide (O-) functional groups form the
electron-donating substituent while nitro, carbonyl, and cyano
groups are employed as the corresponding acceptor group.6,7

To achieve the desired polarizability, these groups are separated
via a conjugated linker group.

In addition to their nonlinear optical properties, push-pull
molecules have also been utilized as ligands for various
transition metal complexes in order to photolytically alter the
spin state of the complex.8-13 In this case the push-pull ligand
must possess a functional group capable of coordinating to the
transition metal complex and that exhibits a shift in the basicity
upon photoexcitation. Metal complexes of this type can exhibit,

for example, a low-spin electron configuration when the
push-pull ligand is in the more basic conformation and switch
to a high-spin configuration upon photoconversion of the ligand
to the less basic conformation. A number of such complexes
have now been synthesized and their optical and magnetic
properties examined. These include complexes of the FeII(L4)-
(X2) type in which L is the photoisomerizable push-pull ligand
and of the FeIII(L4)(L′)(X) type in which L′ is the push-pull
ligand. Early studies utilized 4-sterylpyridine (Stpy; 1-phenyl-
2-(4-pyridyl)ethane) as well as several phenyl derivatives of this
ligand to photoinduce the spin crossover.10-12 In one of the first
examples of ligand-driven, light-induced spin-state changes, the
FeII(trans-Stpy)4(NCS)2 complex was found to undergo a
thermally induced high-spin to low-spin transition centered near
190 K.10 Photoexcitation of this complex imbedded within a
cellulose acetate substrate at 140 K results in trans to cis
isomerization of the Stpy, which also induces the high-spin to
low-spin transition.

The success of these complexes has led to the synthesis of
new compounds which exhibit ligand-driven, light-induced
spin-state changes at higher temperatures. One such complex,
[FeIII(salten)(mepepy)]BPh4 (salten ) 4-azaheptamethylene-1,7-
bis(salicylideneiminate); mepepy) 1-(pyridin-4-yl)-2-(N-me-
thylpyrrol-2-yl)ethene; BPh4 ) tetraphenyl borate) has been
shown to exhibit a high-spin to low-spin transition at room
temperature under visible irradiation.11-13 Unlike the FeII(L4)-
(X2) type complexes discussed above, which have four photoi-
somerizable ligands, the FeIII(L4)(L′)(X) type complexes (e.g.,
FeIII(salten)(mepepy)) have only a single isomerizable ligand
which is used to modulate the ligand field strength. In the case
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of the mepepy complex the spin-state transition is triggered via
the light-induced trans to cis isomerization of the ligand, which
results in a shift in electron density from the N-methylpyrrol
moiety to the pyridine unit (see Figure 1 for a structural diagram
of mepepy).

Although the trans/cis photoisomerization of mepepy has been
shown to be effective in modulating the ligand field strength of
the chromophore, much less is known about the electron
properties and energetics of this process. The optical spectrum
of the trans conformation of mepepy in acetonitrile exhibits
absorption maxima at ∼353 nm (ε ) 22800 M-1 cm-1) and
241 nm (ε ) 7800 M-1 cm-1), which have been tentatively
assigned as π to π* transitions.11,12 Upon photoisomerization,
the absorption band at 353 nm exhibits a slight hypsochromic
shift and decreases in extinction by nearly 50% while the 241
nm band shows only modest changes in extinction. In the present
work the energetics associated with the trans to cis photoi-
somerization as well as the potential energy surfaces of the
mepepy ligand have been investigated using time-resolved
photothermal and computational methods in an effort to better
characterize the physical properties of this important ligand.

Materials and Methods

Synthesis of mepepy. The trans-mepepy ligand was prepared
according to the procedure outlined in ref 1 Under an argon
atmosphere, 905 µL of 4-picoline in 4 mL of anhydrous
dimethylformamide (DMF) was added to a suspension of 370
mg of sodium hydride (60% dispersion in mineral oil) in 10
mL of anhydrous DMF. The solution was stirred at 60 °C for
2 h. A solution of 1.01 g of N-methylpyrrole-2-carboxyaldehyde
in 6 mL of anhydrous DMF was then added to the anion (red
solution) and stirred overnight at 60 °C. The solution was poured
onto ice and filtered to extract a yellow solid. The filtrate was
concentrated and purified with a silica gel column (hexane:ethyl
alcohol, 2:1, 1:1, and 1:2). The purity for the compound was
verified by NMR spectroscopy.

The quantum yield, Φ, associated with the trans f cis
isomerization was determined by irradiating a cuvette containing
0.19 mM of mepepy in water with 1% dimethyl sulfoxide
(DMSO) with 355 nm radiation (the wavelength used to perform
the PAC measurements). The solution was irradiated for a total
of 35 min, and the absorption spectra were recorded every 5
min. The same experiment was performed with 0.8 mM
azobenzene as a control. The value of Φ was then determined
using the following equation:

(∆A0-35
mep ⁄ ∆A0-35

azo)) {(Φmep∆εmepC0
mep) ⁄

(Φazo∆εazoC0
azo)} (1)

where 4A0-35
mep and 4A0-35

azo are the changes in absorbance
at 355 nm for mepepy and azobenzene, respectively, Φmep is
the quantum yield for the mepepy trans f cis isomerization,
Φazo is the quantum yield for the trans f cis isomerization
associated with azobenzene (0.26), ∆εmep (2.2 M-1 cm-1) and
∆εazo (0.4 M-1 cm-1) are the differences in extinction coef-
ficients at 355 nm between the trans and cis forms of mepepy
and azobenzene, respectively, and C0

mep and C0
azo are the initial

concentrations. With use of this method, Φmep was determined
to be 0.28.

Photoacoustic Calorimetry. The energetics associated with
the trans to cis photoisomerization of mepepy were determined
using photoacoustic calorimetry (PAC). Photoacoustic calorim-
etry is proving to be a powerful technique for determining the
magnitude and time scale of conformational changes as well as
reaction thermodynamics associated with photoinitiated pro-
cesses.14 The physical principle behind this method is that
photoexcited molecules dissipate excess energy nonradiatively,
resulting in thermal heating of the surrounding solvent. In the
case of aqueous solutions this causes rapid volume expansion
(∆Vth), resulting in an acoustic wave that can be detected with
a sensitive piezoelectric crystal based microphone. In addition,
volume changes in the system of interest resulting from
conformational/solvation changes associated with a photoiniti-
ated reaction (∆Vcon) also contribute to the acoustic wave. The
contributions from ∆Vth and ∆Vcon to the total sample signal, S
(either acoustic amplitude or deflection amplitude) can be
evaluated by examining the temperature dependence of the
signal and using a calibration compound (Sref) (see ref 14 for
theoretical details).

The amplitude of the acoustic wave for the sample mepepy
is

Ssamp)KEa((�⁄CpF)Q+∆Vcon) (2)

where S is the acoustic wave amplitude, K is an instrument
response parameter, Ea is the number of einsteins absorbed by
the molecule, � is the thermal expansion coefficient of the
solvent (K-1), Cp is the solvent heat capacity (cal g-1 K-1), F
is the solvent density (g mL-1), Q is the amount of heat returned
to the solvent (kcal mol-1), and the ∆Vcon is the nonthermal
volume change (mL mol-1). The corresponding amplitude of
the reference acoustic wave is expressed as

Sref ) KEa(�⁄CpF)Ehν (3)

The reference converts the energy of the absorbed photon, Ehν,
into heat within the excitation pulse width and with a quantum
yield of unity (i.e., 4Vcon ) 0). Changes in molar volume and
enthalpy are determined by taking a ratio of the acoustic
amplitudes of the sample to the reference ((Ssamp/Sref) ) φ) as
a function of temperature (i.e., Cp, F, and � are all known for
different temperatures) according to

�Ehν)Q+ (CpF ⁄ �)∆Vcon (4)

The value of ∆V is then the slope of eq 4 divided by the
quantum yield, Φ, of the process being examined. The corre-
sponding enthalpy is determined from

∆H) (Ehν -Q) ⁄ Φ (5)

For the PAC experiments the trans-mepepy ligand was first
dissolved in DMSO (mepepy is only slightly soluble in water)
to form a stock solution. The PAC sample was then prepared

Figure 1. Structural diagrams of the trans and cis conformations of
mepepy.
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by addition of mepepy from the stock solution into water to
give a final optical density at the excitation wavelength (355
nm) of 0.4 (final [DMSO] was <1% (v/v)). The calorimetric
reference used here is iron(3+)tetrakis(4-sulfonatophenyl)por-
phyrin (Fe4SP), and the reference was prepared as per the
mepepy sample (i.e., <1% (v/v) DMSO/water). During all
acquisitions, the sample was stirred to minimize photoproduct
accumulation. The acoustic traces are the average of five laser
pulses. Pulsed laser excitation was accomplished using a Con-
tinum MiniLite I frequency tripled Nd:YAG laser (355 nm, ∼7
ns fwhm, ∼100 µJ/pulse, 1 Hz), and the acoustic waves were
detected using a Panametrics V103 detector coupled to a
Panametrics preamplifier and recorded using a 50 MHz transient
digitizer (PicoScope).

Computational Methods. Electronic structure calculations
of mepepy were performed using the quantum chemistry
program GAMESS.15 Molecular properties were evaluated using
density functional theory (DFT) because this has been shown
to yield accurate results for isomerization studies of azobenzene,
a molecule that is structurally similar to mepepy.16-18 The
B3LYP hybrid exchange-correlation functional was employed
for all calculations along with the augmented correlation-
consistent double-� basis set (aug-cc-pVDZ).19-22 Solvation
effects were taken into account through the use of a polarizable
continuum model in which the mepepy molecule is embedded
in an isotropic dielectric field parametrized to mimic the aqueous
environment.23 The dielectric constant was 78.39, and the
solvent radius was 1.3850 Å. Geometry optimizations for both
the cis and trans isomers were performed in the solvation field
in order to ascertain the minimum energy geometries. The
molecular electric dipole moments for the optimized structures
were determined from the charge distributions. To discover any
additional local energy minima, the ground-state cis and trans
potential energy surfaces were generated as a function of the
angles for the pyridine and pyrrole rings from a planar
configuration. Each angle was scanned by rotating the rings
along the R-� and γ-δ vectors, from 0 to 180° in 10°
increments, while allowing the remaining degrees of freedom
to adopt a minimum conformation. Spectroscopic calculations
were performed using ArgusLab24 using the ZINDO/CI method.
The calculations were performed using the highest 45 occupied
and lowest 45 unoccupied orbitals in the CI (SCF-CI, restricted
Hartree-Fock, with STO-6G minimal basis set). A self-
consistent reaction field was also employed with a dielectric
constant of 78.3 and a cavity radius of 4.616 Å (SPCE water
model).

Results and Discussion

Optical Properties. The steady-state absorption spectrum of
the as-isolated trans form of mepepy solubilized in water is
displayed in Figure 2. The absorption maximum is observed at
∼355 nm with a shoulder centered at ∼425 nm. The 355 nm
(calculated, 371 nm) band can be assigned primarily from a
transition between the HOMO, with electron density centered
primarily on the five-membered ring and LUMO orbitals with
electron density distributed between the five- and six-membered
rings (i.e., π to π* transition; see Figure 3). The 425 nm shoulder
arises from π to π* transitions associated with the protonated
form of mepepy (i.e., protonation of the pyridine ring nitrogen).
This is evident from the disappearance of the ∼425 nm band
in dilute NaOH solutions (<0.1 M NaOH). Upon steady state
illumination of the trans form of mepepy photoisomerizes to
the cis form takes place, resulting in a slight hypsochromic shift
in the energy of the π to π* transition for both the protonated

and deprotonated forms as well as a significant decrease in the
molar extinction coefficient (Figure 4). Interestingly, the HOMO
of the cis conformer retains significant electron density on the
five-membered ring while the LUMO has significant electron
density shifted onto the six-membered pyridine ring.

Theoretical Structural Analysis. The structures of the
energy minima located along the potential energy surface were
found (for which the geometric details are tabulated in Tables
1 and 2) and are also visually depicted in the rendered
representation of Figures 1, 5, and 6. The energy difference
between the global trans minimum and that of the cis form was
found to be 8.24 kcal mol-1, while the energy difference
between the local trans minimum and the cis isomer was
determined to be 7.17 kcal mol-1. After evaluating the
electrostatic moments, the difference in the dipole moment
between the global trans state and the cis state was 0.424 D
and the local minimum difference was 0.0398 D. While the
relative populations of the isomers after a photoisomerization
event are unknown, these determined differential values place
an upper and lower bound to the true equilibrium differences.
The cis potential energy surface is a shallow basin with a single
minimum, where it can be expected that the equilibrium structure
will fluctuate out of plane in the solvated ground state. However,
unique characteristics of the trans potential energy surface were

Figure 2. Steady-state optical absorption spectra of mepepy in water
(containing <1% DMSO) (solid line) and aqueous 0.01 N NaOH
(containing <1% DMSO; dotted line). [mepepy] ) 270 µM.

Figure 3. Molecular orbital diagrams showing the HOMOs and
LUMOs associated with the observed π to π* transitions of the trans
(left) and cis (right) isomers of mepepy.
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found, most notably the existence of two ground-state minima
separated by an energy barrier, herein referred to as the global
and local trans states (geometrically shown in Figure 6).

Complete determination of the isomerization mechanism for
mepepy (which is not determined in this work) is required to
know whether the transitions from the excited state to the ground
state favor one isomeric trans form over the other. The minimum
energy barrier between the cogeneric trans states is 9.12 kcal
mol-1, whereas the thermal energy kT at 300 K is only 0.596
kcal mol-1.

Photothermal Studies. Figure 7 displays overlays of the PAC
signals for mepepy and the Fe4SP reference compound at 35
°C. The photoacoustic signals for the mepepy trans to cis
isomerization do not show any shift in frequency, relative to
the calorimetric reference, indicating that the ∆H and ∆V occur
within the response time of the PAC instrument, i.e., <∼50 ns.

Figure 4. Top: Equilibrium UV-vis spectra of mepepy before and
after steady-state photolysis (from 10 to 70 min). The sample was
solubilized in deionized water containing <1% DMSO. Bottom:
Equilibrium UV-vis spectra of trans-mepepy before and after 5, 10,
15, and 20 laser pulses (λexcit ) 355 nm, ∼100 µJ/pulse, and ∼7 ns
fwhm).

TABLE 1: Geometric Configurations of the Global
Energy-Minimized cis- and trans-mepepya

cis isomer trans isomer cis isomer
trans

isomer

∠ R�γ (deg) 126.647 126.490 D�Ψ (Å) 1.34764 1.35337
∠ �γδ (deg) 129.507 127.365 DΨδ (Å) 1.44983 1.43931
dR� (Å) 1.48689 1.46157 σ (deg) 90.0 0.0

a The bond angles and distances are with respect to the labels in
Figure 1. σ is the angle between the pyridine and pyrrole planes.

TABLE 2: Calculated Energy and Dipole Moment of Global
Minima cis- and trans-mepepy Isomers, along with the
Alternate Local Minimum along the trans Potential Energy
Surface

isomer energy (kcal mol-1) molecular dipole moment (D)

cis -335330.35 4.12
global trans -335338.59 3.69
local trans -335337.51 3.08

Figure 5. Trans and cis ground-state energy surfaces as a function of
the pyridine and pyrrole ring angles as defined by deviation from planar
configuration. See text for details.

Figure 6. Visual rendering of the global and local trans geometries
(top and bottom, respectively).
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From a plot of φEhν versus (CpF/�) the volume and enthalpy
changes are determined to be ∆V ) 0.9 ( 0.4 mL mol-1 and
a ∆H ) 18 ( 3 kcal mol-1 (see Figure 8 for volume and
enthalpy profiles).

Two key factors influence the magnitude of the molar volume
change: (1) changes in van der Waals volume of the mepepy
molecule itself upon isomerization and (2) subsequent changes
in solvent structure surrounding the chromophore due to changes
in the ground-state dipole moment and/or changes in the overall
charge on the molecules. The volume change due to electros-
triction can be estimated using

∆Vel )-(µ2⁄r3)κT{(ε+ 2)(ε- 1) ⁄ (2ε+1)2}(NA ⁄ 4πεo)

(6)

where µ is the dipole moment, r is the cavity radius of the
molecule, κT is the compressibility of the solvent, ε is the
solvent’s dielectric constant, NA is Avogadro’s number, and εo

is the vacuum permittivity.25,26 Using the calculated dipole
change for the trans to cis isomerization of 0.0398 D, a
molecular radius of ∼5 Å (this assuming the mepepy molecule
sweeps out a sphere of diameter ∼10 Å), κT of 4.22 × 10-10

Pa-1 (for water at 25 °C) and ε ) 78.4, the volume change due
to electrostriction is estimated to be ∼-0.2 mL mol-1. The
corresponding change in van der Waals volumes between the
trans and cis isomers are estimated to be ∼9 mL mol-1 with
the cis conformation having the lower molar volume. Thus, ∆V

would be expected to be on the order of ∼-9.2 mL mol-1.
This value is significantly lower than the observed ∆V ) ∼0.9
mL mol-1, indicating that solvent-mepepy interactions are
distinct between the trans and cis conformations. Examination
of the HOMO orbitals for the cis and trans conformations (as
discussed above) reveals less electron density on the pyridine
N-atom in the cis conformer relative to the trans conformer
which is expected to reduce the extent of H-bonding between
a water molecule and the mepepy pyridine group. In fact, bond
cleavage reactions typically result in an average increase in
molar volume of ∼+5 mL mol-1.27 Thus, the ∆V value obtained
from PAC would be consistent with a loss in H-bonding in the
cis conformer relative to the trans conformer with the ∆VH-bond

∼ +9 mL mol-1.
The corresponding change in enthalpy, obtained from the

PAC results, is 18 kcal mol-1. In contrast, the results of the
computational studies suggest an energy difference of only ∼8
kcal mol-1 between the global energy minima between the cis
and trans conformers. The ∼ 10 kcal mol-1 difference in
energies must also be due to distinct interactions between the
mepepy conformers and the aqueous solvent. Previous studies
of hydrogen bonding interactions between water and pyridine
have shown that the hydrogen bond energy on the order of 6-8
kcal mol-1, very near the difference observed between the
theoretical energy difference and that observed from PAC.28-30

Thus, the change in enthalpy between the cis and trans
conformers is also consistent with the loss of a hydrogen bond
between water and the pyridine N subsequent to the isomerization.

In summary the results presented here demonstrate several
key features of the trans to cis conversion in mepepy. First, the
mepepy ligand exhibits two conformational minima for the trans
state that are separated by 9 kcal mol-1, suggesting that the
photoinduced spin-state transitions associated with metal com-
plexes containing the mepepy ligand may be energetically
“tuned” on the basis of the nature of the trans conformer.
Second, the results of the computational studies reveal very little
change in dipole moment between the trans and cis conformers
of mepepy, indicating more subtle changes in the electronic
structure of mepepy relative to other push-pull molecules and
the azobenzenes. Finally, the results of the PAC studies suggest
that the thermodynamics associated with the trans to cis
isomerization can be modulated by the nature of the solvent.
Solvents which hydrogen bond with the N-atom of the mepepy
pyridine group can stabilize the trans conformation by up to 10
kcal mol-1.
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