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A donor—acceptor substituted aromatic systef)-8-(4-Methylamino-phenyl)-acrylic acid methyl ester
(MAPAME) has been synthesized, and its photophysical behavior obtained spectroscopically has been compared
with the theoretical results. The observed dual fluorescence from MAPAME has been assigned to emission
from locally excited and twisted intramolecular charge transfer states. The donor and acceptor angular
dependency on the ground and excited states potential energy surfaces have been calculated both in vacuo
and in acetonitrile solvent using time dependent density functional theory (TDDFT) and TDDFT polarized
continuum model (TDDFT-PCM), respectively. Calculation predicts that a stabilized twisted excited state is
responsible for red shifted charge transfer emission.

1. Introduction SCHEME 1: (E)-3-(4-Methylamino-phenyl)-acrylic Acid

. ) ) Methyl Ester
In recent years photophysical studies on organic molecules

having both the electron donor and acceptor groups gained
special attention due to their wide applications as electrooptical
switches, chemical sensors, and fluorescence protyeEhe
molecule 4-(dimethylamino)-benzonitrile (DMABN), a model
donor—acceptor substituted aromatic system, shows dual fluo-
rescence in polar solvents. Apart from a ‘normal’ emission of
DMABN originated from the locally excited state in nonpolar

so!vent, a se_cond ‘anom‘_alous’ strongly solvent depe_ndent redigea behind this type of compound is that the ortho substitution
shifted band is observed in polar solvents. The red shifted band¢, o4 the monomethyl amino group to be out of plane of the

attributed to an intramolecular charge transfer (CT) state o ane fing and the pretwisting of secondary amino donor

gﬁneratedh upon Eholtoexmgano_n IS Ofl basic mpzrtanc; N accelerates the CT emissidhin our very recent studié&??
photosynthesis and plays a dominant role in many photochemi-,.o paye already shown that the secondary aromatic amine
without any ortho substitution can also act as a good charge

cal reaction$. Hence, various research groups performed
experiments on DMABN and related molecules, and theoretical donor. In the present work, we present the photophysical
properties of a doneracceptor substituted aromatic system,

modeling has been given for this phenomena. To rationalize
namely €)-3-(4-methylamino-phenyl)-acrylic acid methyl ester

this dual fluorescence phenomenon of DMABN quite a few
models have been proposed: twisted intramolecular Charge(MAPAME) (Scheme 1), where the same secondary amino
group,—NHMe is used as charge donor ar€COOMe group

transfer (TICT) wagging intramolecular charge transfer (WICT),
as acceptor. Structurally both the donor and acceptor groups

rehybridization by intramolecular charge transfer (RIGY),
are planar to the benzene ring and are different from the other

planar intramolecular charge transfer (PICGT)etc. Among
them, TICT model has been accepted widely for explaining dual g, gied system where donor and acceptor groups are pretwisted
in the ground staté& 1" The presence of a double bond between

fluorescence in different doneacceptor systenfst13 The
proposed idea of TICT model is that the initially excited state o penzene fing and the acceptor group imparts an extra

yields an?ther minimum ?p r':hle potential e”efle sur;ace bY fiexibility to the system. Now in the TICT model, the ICT state
twisting of donor group, which leads to a decoupling of donor gp,q,,14 he associated with the diffusive rotational motion of

from the acceptor thereby promoting the charge transfer processgiihar the donor group, i.e., monomethylamino group or the

study mainly have tertiary amino group as charge donor. There moiety. We have used TDDFT metH8t?! as a tool to evaluate
are only two examples where secondary amine was used ashe excited state phenomenon in the light of TICT mechanism.
donor in some ortho substituted aromatic systé#t,and the Spectroscopy of MAPAME suggested different kinds of be-
haviors in different kind of solvents, and emission characteristics
: Sg{cgfggng;nga?g&?tgﬁ E-mail: nguchhait@yahoo.com. of the locally excited (LE) and the TICT states solely depend
* Present gddress: CHEMGEN Pharma International, Dr. Siemens Street,on solvent properties. As the spect.ral features ar.]d dynamical
Bolck GP, Sect. V, Salt Lake City, Kolkata 700 091, India. processes strongly depend on solvation, consideration of solute
8 Indian Association for the Cultivation of Science. solvent interaction is important to obtain an accurate under-
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standing of the experimental observations. Therefore, we havedue to its computation cost and precision, and it also shows the
extended our calculation to solvated system using polarized same quality results as multi-reference double-excitation con-
continuum model (PCM), as TDDFT-PCM calculations can figuration interaction (MRD-CI) metho#.The excited state can

provide a good agreement between observed and calculatecbe modeled in the presence of solvents using the same TDDFT

excitation and emission energi€s. method including polarized continuum model (PC¥i5°
However, it is seen that TDDFT with approximate functionals
2. Methods encounters problems in the case of dissociating moleé@les.

p-Nitro benzaldehyde and methyl (triphenyl phosphanylidene) Also, excitations invc_)lving a large change in the charge density
acetate (PP=CH—COOMe) in dry dichloromethane were tend to be underestimated by TDDFT method as exchange

stirred at room temperature for 24 h. Generated nitro product correlation functiopals are 100 IocﬁlRecentl_y Nuegebauer et
was reduced by using zinc and saturated aqueous ammoniunf!- Showed the failure of TDDFT to describe long-range CT
chloride solution in methanol at 5TC to produce methyl-3- excitations for calculating electronic transition energy _vvhen _the
(4-amino-phenyl)-acrylate. Then one hydrogen atom of amino large system was comp(_)sed of several weakly interacting¥nits.
group was blocked by dert- butyl pyrocarbonate (BOC- However, there are various examples where TDDFT has been
. . . . . I 3-35
anhydride) in the presence of triethylamine in THF to produce USed successfully to evaluate the excited state propéfties:

methyl-3(4-N-(tert-butoxycarbonyl)-amino]-phenyl)-acrylate. In In our_calculation us_ing TDD_FT method the compl_Jte_d transition
the next step, the hydrogen atom of BOC protected amino group €"€rgies are the single point energy at the optimized ground

was replaced by methyl group by using methyl iodide in the state without zero point correction. Calculations of potential
presence of sodium hydride base in DMF solvent 3E0Now energy surfaces have been pursued along the twist coordinate

BOC group was removed by using trifluroaccetic acid in separately at the donor and acceptor sites. We have rotated
dichloromethane to produceE)-3-(4-methylamino-phenyl)- dihedral angl&); or 6, (shown in Scheme 1) for the twisting of
acrylic acid methyl ester. The final product was purified by the donor grouptNHMe) or the acceptor{ = —COOMe)
column chromatography and repeated crystallizatltNMR group. We als_o_ e>_<tended our calculatlon§ in th_e solvated system
(300 MHz, CDC}) 6 2.87 (s, 3H), 3.77 (s, 3H), 6.18 (d,= using nonequilibrium PCM model. One limitation of our study
15.87 Hz, 1H), 6.55 (dJ = 8.67 Hz, 2H), 7.36 (dJ = 8.61 is that the potential energy surface is computed only along the

Hz, 2H), 7.58 (dJ = 15.87 Hz, 1H). FTIR fem 1) 819, 987 twisting angle without geometry optimization for various excited
1174 1311 1572 1614 1703. 2927 3404 "777 states. The validity of such an approach that uses the ground

state optimized geometry as a basis of representation of the
excited structure has been already successfully established in
many recent scientific publicatio&:21-33-35 The difference in
energy between theg@nd S or S; states of the calculated PESs
without optimization of the excited states at the twisted geometry

The absorption and emission spectra of MAPAME were
recorded on a Hitachi UV/Vis (U-3501) spectrophotometer and
Perkin-Elmer (LS50B) fluorimeter, respectively. All the spectral
measurements were done-~at0 8 M concentration of solute
in order to avoid aggregation and self-quenching. Solvents used . T . S
for all measurements were of spectral grade from Spectrochem.'S considered to be the emission enet¥his emission energy

The quantum yields were measured by secondary standard’@/U€ iS just an estimation of emission energy and not a
method using3-naphthol in cyclohexane¢{ = 0.23) as theoretical estimate for vertical emission from the excited state

secondary standafd. since the excited state optimization has not been considered.
Time Master fluorimeter from Photon Technology Interna- However, the CIS calculation is used to optimize excited state

tional (PTI) was used to measure fluorescence lifefifna. and to estimate theoretical emission energy.
thyratron gated nitrogen flash lamp (width 1.5 ns) of 337 ) _
nm light is used to excite the sample. The system measures3- Results and Discussion

fluorescence lifetime at a flash rate of 25 _kHz using PTIs The absorption spectra of MAPAME (1OM) in nonpolar,
|Opolar, and hydrogen bonding solvents are shown in Figure 1a.
It can be seen from the spectra that the molecule shows two
absorption bands at318 nm and~350 nm. These two bands
are assigned to the transition from ® S and S states,
respectively, as was assigned for other studied systemigé
High absorption intensity of the low energy band indicates that
this is am—xa* type of transition. It is found that the position

of the higher energy absorption band is independent of solvent
contribution to the time resolved decay of the component with polarity, whereas the position of the lower energy absorption
a lifetime 7;. The software FeliX32 is used for data acquisition band depends on the polarity of the medium. A slight blue shift
and analysis. The decay parameters were recovered using ®f the lower energy absorption band in water may be due to
nonlinear least squares iterative fitting procedure based onthe possible intermolecular hydrogen bonding interaction be-

function was measured at the excitation wavelength of 337 nm
using Ludox as the scatterer using slits of band-pass of 3 nm.
Intensity decay curves were fitted as a sum of exponential terms:
whereo, is a preexponential factor representing the fractional

F(t) = Zai exp(-t/r)

Marguardt algorithms® tween the solute molecule and water.
The calculations of the structure and the potential energy The emission spectra of MAPAME measured in different
surfaces have been performed using Gaussian 03 patkahge. solvents are shown in Figure 1b, and the spectral data are

geometry optimization was done by density functional theory presented in Table 1. In nonpolar solvent, on 330 nm excitation,
(DFT) with hybrid functional B3LYP and 6-311+G(d,p) basis MAPAME shows an emission band at382 nm, which is
set. Different starting geometries have been used for optimiza- nothing but the emission from the locally excited state. But for
tion to obtain the global minimum structure. The analysis of the same excitation in polar solvents, MAPAME shows dual
excited state properties has been done by time dependent densitfluorescence, a short wavelength emission band 280 nm,
functional theory (TDDFT) using the same functional and basis and a long wavelength emission band-@20—-470 nm region.
set!® In the case of several reported dorarcceptor charge  The position of the short wavelength emission band slightly
transfer problems, TDDFT is found to be an attractive method depends on the polarity of the solvent but the long wavelength
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TABLE 1: Absorption and Emission Bands of MAPAME
Molecule in Different Solvents
Stoke shift,
solvent Aabs(NM) Asu (NM) Avst (M)
® hexane 335, 318 382 3672
g carbon tetrachloride 342,318 394 3859
= dioxane 350, 318 414 4417
= chloroform 349,318 420 4844
2 tetrahydrofuran 353, 318 424 4744
= acetonitrile 351, 318 382,435 5502
< ethanol 356, 318 382, 440 5363
methanol 358, 318 382, 453 5858
water 346, 318 382, 470 7626

to methylcyclohexane the charge transfer band becomes more
prominent with concomitant decrease in intensity of LE band.
Wavelength (nm ) The presence of a clear isoemissive point at 392 nm supports
that the CT state is generated from LE state.

The solvatochromic measurements in polar aprotic solvent

350

~
=n
A d
@
<

40 | ? s using the Lippert-Mataga equatiol provide dipole-dipole
= interactions between the solute and solvéhfEhe following
0 = = equation (LippertMataga equation) is used for this purpose
30 a W avelength (nm) to calculate the dipole moment of the CT state.
)
g v vy = | 2| At —
E120 hca®
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In the above equatioh, c, a, 4, andu* are Planck’s constant,
velocity of light, radius of the cavity in which the fluorophore
resides, and ground and excited CT state dipole moments,
Wavelength (nm) respectively. The term\f is known as the solvent polarity
parameter, and andn are the dielectric constant and refractive
index, respectively, of the medium. The linear dependency of
Stokes shift Avst = v4 — vf) values of MAPAME in aprotic
solvent on solvent paramet@f is shown in Figure 2a. From

the slope of this plot we have calculated the dipole moment of
the CT state. The ground state dipole moment énd ‘@
values were calculated using hybrid functional B3LYP and
6-311++G(d,p) basis set for the ground state minimum energy
structure. The calculated dipole moment for the ground state
obtained from DFT calculation and that of the CT state from
solvatochromic measurements are 5.46 and 10.0 D, respectively.
The high dipole of the CT state indicates that the polarity
dependent Stokes shifted emission is arising from different
extents of stabilization of the photogenerated charged species
in the excited state.

1] 1 1 = =
350 400 450 500 550

Intensi

Wavelength (nm) In polar protic solvents a different photophysical phenomenon
Figure 1. (a) Absorption, (b) emissionig: = 330 nm), and (c)  Was observed. The nonlinearity of the Lippert plot indicates a
excitation spectra of MAPAME in (M -) hexane, (@ -) dioxane, specific solventsolute interaction, and that may be the
(- A -) tetrahydrofuran (THF), ( -) ethanol (- -), acetonitrile, hydrogen bonding interaction between MAPAME and the protic
(- x -) methanol, and (= -) water. Inset: emission spectra in  splvents. In this case a linear dependency is found between the
methylcyclohexane ethanol binary solvent mixtufigq(= 330 nm, fluorescence maximum of the red shifted band and the hydrogen

arrow indicates increase of ethanol concentration). bonding parameteraf4! This predicts that intermolecular

band exhibits solvatochromic red shift with increasing solvent hydrogen bonding can act as an important factor in the ICT
polarity. Comparing this emission band with other similar path as was observed for some other studied systefise
studied systems the red shifted band is assigned to the emissiomeasured fluorescence quantum yields of MAPAME in different
from the CT staté116.17.3638 Ag seen in Figure 1c, the excitation  solvents reflect the effect of hydrogen bonding on the ICT
spectra of MAPAME shows bands a318 nm and~350 nm, process. The measured fluorescence quantum yields at room
and these bands are indeed similar to that of the absorptiontemperature are presented in Table 2. It is seen that in protic
spectra. This indicates that the molecule exists as single speciesolvent the quantum yields of the CT band markedly decrease
in the ground state. The emission in binary solvent mixture with increasing hydrogen bonding paramaterThis indicates
(methylcyclohexanet ethanol) is shown in Figure 1b (inset). the existence of a nonradiative channel of increasing importance
It is found that the increase of solvent polarity by adding ethanol with growing hydrogen bonding ability of the solvents results
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Figure 2. (a) Plot of Stokes shift vs solvent parameter (Lippert plot)
and (b) plot of hydrogen bonding paramete) (/s florescence band Wavelength (nm)
position of MAPAME. Figure 3. Temperature dependent fluorescence emission spectra of

in very low fluorescence quantum yields in water. Temperature MAPAME in (a) acetonitrile (ACN) {e« = 330 nm) and (b) water
(Aext = 330 nm) solvent (arrow indicates increase of temperature from

dependent emission spectra also p_rovide_additional support for283 t0 333 K with 10 K increment).
the presence of a hydrogen bond in protic solvent. As can be
seen in Figure 3a, only the intensity of CT emission decreases The fluorescence maximum of MAPAME in methylcyclo-
with increasing temperature in acetonitrile solvent without any hexane at 77 K is largely red shifted~26 nm) (Figure 4)
change in local emission. The decrease of intensity of the CT compared to its room temperature spectrum. This spectroscopic
band may be due to opening up some temperature activatedchange may be due to the aggregates or microcrystallites similar
nonradiative channel. On the other hand, the intensity of both to those reported for aggregategrmains-stilbene?*4344The blue
the LE and CT bands in water decreases with increasing shift of band maximum in ethanol glass matrix with respect to
temperature (Figure 3b). This may indicate the breaking of the room temperature may be due to the change of solvent properties
intermolecular hydrogen band of the solvated cluster with (polarity, polarizibility, viscosity) upon decrease of temperature
increasing temperature, and thereby fluorescence intensityor may be due to high viscosity of glass matrix, which may
decreases for both bands. inhibit the geometrical relaxation in the CT stéfe.
Fluorescence lifetimes in different solvents are presented in  The drastic change of absorption and emission spectra of
Table 2. The fluorescence decay of LE emission of MAPAME MAPAME in the presence of acid further confirms our
in methylcyclohexane is monoexponential with a decay time assignment about the possible charge transfer process. On
of ~380 ps and in acetonitrile for the CT band is 400 ps. In addition d 2 N H,SOy, a new absorption band appears-@97
acetonitrile solvent, the fluorescence decay of the high energynm which emits at~365 nm (figure not shown). These
band is very fast and is beyond the resolution limit of the absorption and emission bands are typically arising from the
instrument. In methanol solvent the fluorescence decay time of 7—s* transition of chromophore benzene having a conjugated
the 450 nm band is 280 ps. This supports the existence of adouble bond. If acid tries to hydrolyze the ester to form acid,
nonradiative path due to the hydrogen bonding between thethe nature of the absorption and emission bands should not
solute and protic solvent. change. Therefore, we can say that the proton binds to the lone

TABLE 2: Quantum Yields and Lifetime of the LE and CT States of MAPAME Molecule in Different Solvents at Room
Temperature?

guantum yields

solvent o? LE state CT state lifetimer}® (ps) Va
methylcyclohexane - 1.7x 1072 - 380 (380 nm) 1.14
acetonitrile - 46x 108 3.3x 1072 400 (435 nm) 1.14
ethanol 0.86 1.4 103 2.4x 1072 -
methanol 0.98 1.5 108 1.2x 107 280 (450 nm) 15
water 1.10 1.0« 1073 5.6x 1073 -

2 is the index of solvent hydrogen bond donor abilfyExcitation wavelength 337 nm. Values in parentheses indicate the emission monitoring
wavelength.
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40 TABLE 3: Optimized Geometrical Parameters for the
3 +1;SI:{ Ground State of MAPAME in Vacuo at DFT (B3LYP/
® MCH (77K) 6-311++G(d,p)) Level
30 —*—EtOH (77K) calc angle/ calc
25 value dihedral value
& bond A angle (deg)
'z 20 Reicz 1.407 C9-N7-C1 124.52
S s Rez-ca 1.388 C3-C4-C8 119.38
= Recs-ca 1.403 C8-C10-C11 120.46
10 Rci-n7 1.372 012-C11-013 122.57
Rn7-co 1.447 C11-013-C14 115.76
5 Rn7-H19 1.005 C9-N7-C1-C2 0.00
0 , . T Rca-cs 1.452 C3-C4-C8-C10 —180.00
] } Recs-ci10 1.347 012-C11-013-C14 —0.00
350 400 450 500 550
Reio-c11 1.468
Wavelength (nm) Reci-o12 1.213
Figure 4. Emission spectra of MAPAME in methylcyclohexane Reii-ois 1.361

MCH) and ethanol (EtOH) at room temperature and 77 K. .
( ) ( ) P the ground state can only show dual fluorescec@therwise

pair of nitrogen, and hence, the lone pair is no longer available the compound with a secondary amine cannot show any dual
for the excited state charge transfer process. This establishegluorescence even if in polar solvent. In the present case, the
the fact that charge transfer occurs from the nitrogen lone pair molecule has nontwisted configuration (planar) in ground state,
of the monomethylamino group to the acceptor site. but shows dual fluorescence in different solvent. The angular
We have tried to interpret this excited state phenomenon dependency of the ground and different excited states energies
qualitatively by theoretical calculation using density functional can be understood by rotational motion of both donor and
theory. Ground state optimization for the global minimum acceptor groups around the benzene plane. Figure 5 shows the
structure of MAPAME has been done using B3LYP hybrid potential energy curves along the twist coordinate at the donor
functional and 6-311+G(d,p) basis set. In the minimum energy (01) and acceptoréy) groups both in vacuo and in acetonitrile
ground state structure MAPAME has a planar geometry where solvent. In both cases, upon excitation from the planar ground
the secondary amino and ester groups are in the plane of thestate (9) to the S state, a repulsive potential surface with a
benzene ring. Therefore, an extensive resonance delocalizatiorvery small activation barrier, even if in gas phase, drives toward
is possible in the ground state. Selective optimized geometrical 90° twisted conformations. Both the rotational processes predict
parameters are presented in Table 3. It has been proposed thahe formation of the stabilized twisted geometry in the excited
the molecule with a secondary amino group already twisted in state. However, energetic twisting of the acceptor group is found
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Figure 5. Potential energy surfaces for the ground and first two excited states along the twisting coordinate of the-tlibtide) group (a) in
vacuo and (b) in acetonitrile solvent; same plot along the twisting coordinate of the acce@ideCHCOOMe) group (c) in vacuo and (d) in
acetonitrile solvent using DFT (B3LYP/6-3%-g(d,p)) method. Inset: plot of the variation of oscillator strength along twist coordinates.
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Figure 6. HOMO and LUMO molecular orbital for the (a) optimized
ground state structure, twisted conformer due to the rotation of (b) donor
(—NHMe) and (c) acceptor{CH= CHCOOMe) group from same
level of calculation.

TABLE 4: Comparison between the Computed Energies
and Experimental Values in Vacuo and in Acetonitrile
Solvent

absorption emission
En® Eed En° En? Eex
medium state (eV) (eV) (eV) (eV) (eV)
vacuum ) 3.75 - 3.19 3.27 -
S 4.32 - 4.40 429 -
acetonitrile ] 3.47 3.54 2.90 2.96 2.85
S 4.26 3.89 4.03 427 -

aEy, is the calculated energy valu&efcied — Eground at the DFT
level (B3LYP/6-313+G(d,p)).? Eexis the experimental valué Theo-
retical emission energy due to twisting-eNHMe group.d Theoretical
emission energy due to twisting of the methylacrylate group.

to occurred through easier path (Figure 5c¢,d). An analysis of
TDDFT wave functions shows that thg-SS; transition for the
equilibrium conformer ist—xa* type, where the nitrogen lone
pair is delocalized in the HOMO and the LUMO is th&orbital
at the benzene ring site (Figure 6a). The calculated oscillator
strength { = 0.8200) is high as it is a—x* transition. During
the twisting of the donor grou{ = 90°), the CT transition is
characterized by a single excitation from the HOMO nonbonding
orbital to the LUMO* orbital (Figure 6b). In this case, the
nitrogen lone pair is totally localized over the monomethylamino
moiety. The calculated low oscillator strength valties(0.0000)
indicates the forbidden nature of HOM@Q.UMO transition
(n—s* transition). At the twisted geometry of the acceptor group
(62 = 90°), the HOMO (penzend is more diffused (Figure 6c¢).
Now the single excitation iSthenzensTacceptortype. The low
calculated oscillator strength valuke= 0.0004) may be due to
a different symmetry of the ground and excited state orbitals.
In this case also the delocalization of the nitrogen lone pair in
the HOMO does not support the CT process, whereas the
localized nitrogen lone pair at the donor twisting geometry
favors the CT process. A similar type of observation is also
found in our previous work&17

Calculated absorption and emission energies are presente

dK
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~0.28 eV relative to gas phase, indicating the polar nature of
the molecule in the ground state. Calculation predicts a large
Stokes shifted emission in the excited state obtained by both
the twisting paths. Additionally, calculations also predict solvent
dependency of the red shifted emission, and the calculated red
shift of the CT band in acetonitrile solvent is about 0.29 eV.

4. Conclusion

In this paper we have presented the ICT reaction of a denor
acceptor system where the secondary amino group without ortho
substitution acts as charge donor. The molecule MAPAME
shows dual fluorescence in polar aprotic solvents corresponding
to LE and CT emission. The high dipole moment of the excited
state calculated by the solvatochromic plot supports that charge
transfer occurs in the excited state. From quantum yield and
lifetime values it is clear that in polar protic solvent the nature
of emissive species changes due to intermolecular hydrogen
bonding between the solute and solvent. Theoretically both the
donor and acceptor groups are found to be planar with the
benzene ring. This could be the first example where a secondary
amine with nontwisted ground state geometry shows dual
fluorescence. Potential energy surfaces along two twist coor-
dinates (donor and acceptor) have been calculated at TDDFT
and TDDFT-PCM levels. Theoretically both the twisting paths
(both at donor side and acceptor side) favor the excited state
ICT relaxation process. However, the MO picture supports that
the twisting along the donor part is responsible for the excited
state CT fluorescence in MAPAME molecule.
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