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ABSTRACT

The ground state interaction of C-(4-chlorophenyl)-N-phenylnitrone (N1) with three different «,f-unsaturated ketones
(K1 - K3) in very dilute solution (10~ mol-dm ) has been noticed through charge transfer band formation in the visible
region. The experimentally measured transition dipole, ground state resonance energy and formation constants of the
complexes indicate interaction selectivity of the acyclic nitrone (N1) for the ketones. Molar absorptivity of the absorb-
ing complexes were determined for all the three N1/K (1:1) interacting systems in toluene. Experimental findings were
well rationalized with the help of electron density based global electrophilicity and nucleophilicity indices as well as

with frontier molecular orbital calculations.
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1. Introduction

Chemists are increasingly interested in the cooperative
effect in non-covalent interactions, which can be suc-
cessfully employed for the construction of quite complex
structures [1]. Multiple hydrogen bonds, coordination
bonds, as well as several other forms of homogeneous
and heterogeneous weak interactions were thought to

have been effective to bind two different entities strongly.

In both chemistry and biology non-covalent electron do-
nor-acceptor (EDA) interactions have received much
attention in recent years [2-4]. These EDA complex com-
pounds can be utilized as photocatalysts [5], organic
semiconductors [6] and dendrimers [7]. They are impor-
tant in studying redox process [8], nonlinear optical ac-
tivity [9] and in microemulsion activity [10]. EDA inter-
actions also play a vital role in the field of drug-receptor
binding mechanisms [11].

The polar heterocyclic compounds show strong solva-
tochromism [12]. Nitrones, an important category of
1,3-dipolar species [13-17], undergo facile concerted [,4;
+ .2,]-cycloaddition to different dipolarophiles produc-
ing isoxazolidines which serve as a key step in a number
of natural product syntheses [13,18-20]. Nitrones are a
family of such heterocyclic compounds that have been
studied extensively [13-22] due to their stability.

The 1,3-dipolar cycloaddition reaction between a ni-
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trone and an unsaturated dipolarophile is a well-known
process in the ground state leading to cyclic adducts.
Much computational [23,24] investigation of these reac-
tions were done, mostly following the optimization of
transition state (TS) which is energetically an activated
complex lying between the reactants and products. The
existence of ground state activated complex of these re-
actions has prompted us to see whether there exists some
weak complexation of the reactants in ground state in the
solution phase. Any such possibility could be monitored
and studied experimentally by common techniques [25]
through measuring binding property and formation of
such weak complexes [26].

A link is therefore sought for predicting the cycloaddi-
tion efficiency in terms of tendency towards formation of
weak complexes in solution, despite that many other
dominant factors prevailing in solution might affect the
prediction in gas phase. However, we have explored this
avenue in conjunction with reactivity based on DFT
computed electrophilicity/nucleophilicity indices in order
to predict the efficiency of 1,3-DC reactions. The success
of our model seems to be revealed through the results
and discussion section.

Here, we have reported the solvatochromic properties
of C-(4-chlorophenyl)-N-phenylnitrone (N1 in Figure 1).
The objective of this present work is to investigate sys-
tematically the intermolecular interactions associated
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Figure 1. Structures of the nitrone (N1) and the three o,
unsaturated ketones (K1 - K3) used here.

with the nitrone molecules (Figure 1) in different solvent
environments as well as in the presence of different
a,f-unsaturated ketones. On these grounds, we decided
to observe the non-covalent interaction occurring mainly
through charge transfer between the nitrone N1 and three
different unsaturated ketones K1, K2 and K3 (shown in
Figure 1) which could predict the molecular selectivity
of the nitrone. When we observe the electronic spectra of
the complex and the individual compounds involved in
the complex, we find a new electronic absorption band
attributed to neither the nitrone (N1) nor the ketones (K).
In our previous study [27] the molecular selectivity of
[60]-fullerene among different porphyrin molecules was
checked by using the fluorescence probe method. The
present paper reports the trend of forming charge transfer
complexes by the nitrone (N1) with the unsaturated ke-
tones (K1 - K3) in terms of experimental transition di-
pole strengths, resonance energies and formation con-
stants of the complexes in non-polar toluene medium.
Experimental findings of the trend in non-covalent inter-
action were well substantiated theoretically with the help
of DFT calculated electrophilicity and nucleophilicity
indices [23,24,28-30] as well as in terms of frontier mo-
lecular orbital energies [24].

Copyright © 2012 SciRes.

2. Experimental Section
2.1. Materials

Toluene of HPLC grade (for spectroscopic study from
Merck Chemical Co.) was used as solvent without further
purification. C-(4-chlorophenyl)-N-phenylnitrone (N1) was
synthesized and purified according to the existing pro-
cedure [18,19]. Benzalacetophenone (K1), anisalaceto-
phenone (K2) and benzylidene-2-acetylpyridine (K3)
were synthesized according to literature [31].

2.2. Apparatus and Methods

UV Spectra were recorded using a Shimazdu UV-2450
spectrophotometer. The steady state fluorescence emis-
sion spectra were recorded on a Hitachi F-4500 spectro-
fluorimeter equipped with a temperature controlled cell
holder.

The geometries of molecular structures were opti-
mized using the hybrid density functional B3LYP me-
thod using 6-31G(d) basis set. All the calculations were
performed on a IBM-HS21 server cluster/LAN running
parallel version of Linda, employing the LINUX version
of Gaussian09 [32] together with Gaussview05.

3. Results and Discussion
3.1. Photophysical Study/Solvent Interaction

The photophysical parameters [electronic absorption
maxima (4,), emission maxima (4,,) and fluorescence
quantum yield (®y)] of the nitrone (N1) were determined
in a few polar, nonpolar, both protic and aprotic solvents.
The energy of maximum absorption [E(A4)], fluorescence
[E(F)] and Stoke’s shift [E(S?)] were reported by using
the conversion:

E/kcal-mol" = 28590/(4/nm)

The measured E(A) and E(F) values for the nitrone N1
alone in solvent were given in Table 1. The nitrone
shows intense Sy, — S absorption at 86.37 (kcal-mol ') in
carbon tetrachloride (CCly) and the absorption maxima
were seen to be shifted hypsochromically by (1 - 3
kcal-:mol™") in other solvents. For the steady state fluo-
rescence, solvent-dependent shifts of the nearest fluores-
cence band were more or less similar (1 - 5 kcal-mol ")
in the respective solvents. In aprotic solvents the fluores-
cence band shows almost similar type of structure which
looses their prominence as the polarity of the solvent is
increased (in Figure 2). The possible origin of structure
of the band is presumably the nitrone vibrations.

The maximum absorption energies E(4) of N1 ex-
pressed in kcal-mol™' for aprotic and protic solvents,
show a linear correlation with the Reichardt parameter E
(30) [12], as was shown in Figure 3. A linear correlation
with the £7(30) scale of solvent polarity is indicative of
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32 S. SALAMPURIA ET AL.
Table 1. Photophysical parameters of N1 in different solvent media.
(kcal/mol)
S No. Solvent £x107* (dm’ mol"-cm™)
E(A) E (F) E (St)
1 DMSO 87.64 69.09 18.55 2.63
2 ACN 88.59 70.73 17.86 2.40
3 MeOH 89.62 73.19 16.42 2.55
4 Bzn 86.56 73.12 13.44 2.21
5 EtOH 88.95 73.08 15.90 2.02
6 2-PrOH 88.98 72.64 16.34 2.81
7 1-BuOH 88.51 68.04 20.47 341
8 THF 87.51 70.42 17.09 2.65
9 Acetic acid 89.68 73.12 16.56 2.58
10 EtOAc 88.51 72.67 15.83 2.37
11 CCly 86.37 68.19 18.18 243
12 Toluene 86.58 73.04 13.53 1.68
13 n-Hexane 87.43 72.86 14.57 1.11
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Figure 2. (a) Absorption and (b) emission spectra of N1 (4.75 x 10"% mol-dm>) in different solvents.

intramolecular charge transfer (ICT) accompanying the
So — S transition. The positive slope of E(4) vs E#30)
plot in Figure 3 indicated that the transition is accompa-
nied by a decrease in the dipole moment for the nitrone
N1, as is also true for the indicator dye of the E/(30)
scale. The poorer sensitivity of E(F) compared to E(A)
towards change in the solvent polarity was observed.
This could be intelligible in terms of decreased solute-
solvent dipolar interaction in the excited state.

Besides the polarity aspect, Gutmann’s donor number
(DN) [33] and modified acceptor number (AN*) of sol-
vents [34] can be used as these are measures of the

Copyright © 2012 SciRes.

strength of solvents as Lewis bases and acids respec-
tively. On their basis the effects on E(4) and E(F) could
be explained. The maximum absorption energies £(4) of
N1 in aprotic and protic solvents, show non-linear
growth with the acceptor number of solvents, as has been
shown in Figure 4(a). The exponential curvature of the
plot indicated that with increasing Lewis acidity, hyp-
sochromic shift in absorption energy is observed and an
opposite effect will be expected with increasing basicity
of the solvent. It was found that acidity shows better cor-
relation with E(4) than shown by basicity. The opposite
type sensitivity of E(F) compared to E(A4) towards varia-
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Figure 3. E(A) vs E1(30) plot for N1.

tion in the acceptor number (AN") of solvents may be
seen from the curvature of the plot in Figure 4(b). It may
be noted that with increasing acidity of solvent media
energy of fluorescence E(F) passes through a minimum,
just opposite to that in the case of absorption and that the
correlation was also poor. The difference is obviously
due to different characteristics of the ground and excited
states.

Multiple linear regression analysis has been done
where correlation of E(A4) or E(F) was sought with re-
spect to the solvatochromic parameters representing di-
polarity ("), hydrogen bond donating (o, HBD) and hy-
drogen bond accepting (S, HBA) ability of solvents (fol-
lowing the Taft’s scale [35]: 7', @ and f3). This was done
with the help of the expression (1)

(E,)=(E,),+Aa+BB+Cr +--- (1)
where (E,), is the value of (E£,) in a hypothetical inert
solvent, and A, B and C are the adjusted coefficients re-
flecting the dependence of E, on the o, fand ©° parame-
ters. The following regression equations were obtained:

E(A4)=86.65+223a+0.428+ 0817 +---;

2

(n=13, r=0.67) @

E(F)=74.68-0.260+1.985 ~5.641 +--; (3)
(n=13, r=0.34)

[E(St)]=12.79+235a ~1.86+5.57n +---; W

(n =13, r= 0.20)

Although N1 showed better correlation (r) of absorp-
tion energy E(A) in terms of the Taft’s n'-, - and £
parameters, the correlation coefficient (» = 0.34) was far
from unity for E(F) due to the low solvatochromic shifts
observed in the emission (Table 1), leading to a higher
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Figure 4. (a) Plot of E(A) of N1 against acceptor number
(AN") of solvents; (b) Plot of E(F) of N1 against acceptor
number (AN") of solvents.

dispersion of the experimental values. In our previous
studies we have seen that pyromethene dyes [36] or
saturated f-diketones [37] also showed similar features.
The adjusted coefficient (A) describing the HBD ability
of solvent was the major coefficient in Equation (2) only.
For the energies of absorption as well as the Stoke’s shift,
the A coefficients had positive values, corroborating the
observed hypsochromic shift with respect to increasing
solvent acidity, while for emission, the shift was batho-
chromic in nature and the coefficient (4) had negative
sign. The opposite effect was observed as the basicity of
solvent was increased. The coefficient (C) reflecting the
dipolarity/polarizability of solvent, assumed positive value
in absorption and negative in the case of emission, sug-
gesting that the absorption bands shift slightly towards
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higher energies while the emission bands towards lower
energies as the polarity of the solvent was increased. The
basicity of solvent (Bscale) and dipolarity (r -scale) do
not evidently affect the absorption while acidity or ba-
sicity (a and f-scale) do not much affect the fluores-
cence minimum since the corresponding adjusted coeffi-
cients (B and C in Equation (2), 4 and B in Equation (3)
and B in Equation (4)) were within their standard devia-
tions.

It appear that solvation is mainly controlled here
through hydrogen bond donation () and dipolar interac-
tion (1°) with the solvent. The ratio of the regression co-
efficients of @ and " indicates the relative importance of
HBD over dipolarity interaction in the ground state. The
ratio is ca. 2.75 in respect of E(A4), whereas the trend is
just reciprocal for E(F), implying that HBD plays a sig-
nificantly greater role in the absorption while dipolarity
does in emission.

3.2. Appearance of CT Bands

It was observed that absorption band maximum of N1 in
the nonpolar toluene solvent shifted towards red as some
dipolarophile compound was added to the solution. Fig-
ure 5(A) shows the electronic absorption spectra of mix-
tures containing (N1 and K) in toluene and the shifted
band is attributed to CT owing to its characteristic nature.
In order to obtain these CT bands, spectra of above solu-
tions were recorded against the pristine nitrone (N1) so-
lution in the respective solvent media as reference to
cancel out its own absorbance. It was observed that the
new absorption peaks appeared in the visible region.
Figure 5(B) shows the complete absorption spectra of N1
in the absence and in the presence of increasing concen-
trations of the ketone K3. The CT absorption peaks were
well characterized by fitting to the gaussian function

Y= +A/[W\/(”/ze"p[_z(x_x")z/wzm

where x and y denote wavenumber and molar extinction
coefficient respectively. When such a Gaussian fit (ap-
proximated by the above approximation) is applied over
a wide range of (x, y) data points, y, obviously represents
the lowest bound of the y-data values in the observation
range and the remaining term in the expression repre-
sents a positive definite quantity. At the value x = x,, the
derivative dy/dx disappears giving

V.=V, + A/ [w (m/ 2)] which provides a numerical sig-

nificance of the band centre concerning the plot. How-
ever, as x — o, y — ¥, which implies a significance to
the hypothetical absorbance value in the limit of infinite
wavelength. One such fitted plot has been shown in Fig-
ure 6. The results of the Gaussian fit for all the three
N1/K systems were presented in Table 2. The wave-
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Figure 5. (A) Charge transfer absorption bands for all the
three interacting systems: Band (a) was of N1/K1, (b) was of
N1/K2 and (c) was of N1/K3 interacting systems in toluene
medium; (B) The absorption spectra of N1 (5.18 x 1076
mol-dm ) in the absence and in the presence of increasing
concentrations of the ketone K3.

lengths at these new absorption maxima (Ap. = x.) and
the corresponding transition energies (4Vv) were summa-
rized in Table 3. The gaussian analysis of fitting was
done in accordance to the method developed by I. R.
Gould et al. [38]. One important point to mention here is
that the gaussian analysis of a curve generally provided a
meaningful result near the maximum of the curve spread
over a very small region.

3.3. Determination of Oscillator Strength (f),
Transition Dipole (zzv), Resonance
Energy (Ry)

From the CT absorption spectra, we could estimate os-
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Table 2. Gaussian curves analysis for the CT

35

spectra of all the three complexes of N1.

System Area ungler th}e cur\jIe Width of t}he cuf]ve Center of 3the cglrve Jo ( dm?mol”! em™)
(4) x 10* (dm’-mol ) W) x10° (cm™) (xe) x10° (cm ™)

NI1/K1 9.261 +£0.525 0.19 £ 0.008 2.62 +0.002 109.002 +£9.82

N1/K2 0.568 = 0.053 0.06 £ 0.004 2.68 +0.001 32.69 £2.84

N1/K3 20.31 +5.148 0.29+0.04 2.58 £0.004 122.82 +78.40

Table 3. CT absorption maxima and transition energies of the complexes, oscillator strengths (f), transition dipole strengths
(uen), resonance energies (Ry) and theoretically calculated heat of formation of the three complexes of N1.

System Acr (nm) hver (eV)

10° x f(dm* mol "-cm”

%) Hen (D) Ry (eV) AH; (kcal-mol™)

N1/K1 380.93 3.25 0.400 + 0.023

N1/K2 373.27 332 0.025 +0.002

NI1/K3 387.95 3.19 0.877+0.222

0.565+0.134 —4.08

0.138 £0.042 —3.58

0.842 +0.424 —4.20
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Figure 6. Gaussian analysis of CT spectra of N1/K3 system
in toluene.

cillator strength [37] (f) for the transition. The oscillator
strength is proportional to the square of transition dipole
|#sn]. The observed oscillator strengths of the CT bands
are summarized in Table 3.

It has been observed that transition dipole strength
(ugy) for the N1/K3 complex was slightly higher than
those for the other N1/K complexes.

Again, the resonance energy of the complex in the
ground state (Ry) [39] is a contributing factor (a ground
state property) to the stability of the complex. The values
of Ry for the complexes under study have been provided
in Table 3. It appears from the trend in Ry values that N1
forms stronger complexes with K1 and K3 as compared
to the N1/K2 complex in the non-polar toluene solvent.

3.4. Determination of Formation Constants (K)

The formation constants of the N1/K complexes were
determined using the Benesi-Hildebrand (BH) [25] equa-
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tion in the form

11 1

d &[N, Ke[NI K],

®)

Here [N1], and [K], are the initial concentrations of
the nitrone and dipolarophile respectively, d is the ab-
sorbance of the donor—acceptor complex at A-r measured
against solvent as reference. Here d = gdmix —dy, —d,g]
where d,,;;, dy, and dy are the absorbances of the do-
nor-acceptor mixture, pure N1 and K solutions respec-
tively at the same molar concentrations as are present in
the mixture and at the same wavelength against the sol-
vent as reference. The molar extinction coefficient ¢ is
not quite that of the complex. Equation is valid [25] un-
der the approximation [N1]p > [K], for 1:1 donor-ac-
ceptor complexes. The intensity or the corrected absorb-
ance (d) in the visible portion of the absorption band,
increases systematically with gradual addition of the di-
polarophile solution as shown in Table 4. Thus, it is es-
tablished in this work that the substantial red shift in the
broad 300 - 400 nm absorption band of N1 is due to for-
mation of 1:1 molecular complex between K and NI.
The equilibrium constant values were calculated using
the Benesi-Hildebrand (BH) model. In all the cases very
good linearity were obtained. One such plot has been
shown in Figure 7.

The following linear regression equations have been
obtained from the procured data in toluene at 303 K. For
N1/K1 system:

(8.49+1.26)x10°°

[K1],
(correlation coefficient: r = 0.92)

>

L (31.95+3.78)+
d (©)

It was observed that N1 binds most strongly with K3
([K3]=5.31 x 10°> dm’-mol™") than with K1 ([K1] =3.76
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Table 4. Data for spectroscopic determination of stoichiometry, formation constant (K) and molar absorptivity (¢) for the

N1/K3 complex in toluene at temperature 298 K.

S.No.  [K3]x 10°(mol-dm™)  [N1]x10°(mol-dm™) d (at Act) K x 10~ dm’*-mol™' £x 107 (dm*-mol "-cm™)
1 0.115 0.0018
2 0.229 0.0015
3 0.344 0.0054
4 0.459 0.0056
5 0.574 0.5184 0.0069 5308 +2.189 5.65
6 0.689 0.0077
7 0.804 0.0085
8 0.919 0.0095
9 1.033 0.0106
180 where
160 ] % H= (EHOMO * &Lumo )/2 (®
140 and
1= &Lumo ~ €Homo ©)

120 4

1/[K2]x10° (dm™-mol)

Figure 7. Benesi-Hildebrand plot for N1/K2 system.

x 10°> dm®*-mol ") or with K2 ([K2] = 1.89 x 10° dm’-mol )
in toluene medium. The trend in the formation constants
for three complexes follows the order K3 > K1 > K2.
The trend in transition dipole (zgy) strengths and reso-
nance energies (Ry) as well as theoretically calculated
heat of formation values for the three complexes were
also in the similar order (Table 3).

3.5. Computed Philicity Indices

The global electrophilicity index [28,29] wmeasures the
stabilization in energy when the molecular system ac-
quires an additional electronic charge AN from the envi-
ronment. It can be simply expressed in terms of elec-
tronic chemical potential () and chemical hardness (7).
These have been represented [24] by a very simple op-
erational formulation in terms of the one-electron orbital
energies of FMO, viz. the HOMO and LUMO given as:

o=’ [2n )

Copyright © 2012 SciRes.

The global electrophilicity index includes the propen-
sity of the electrophile to acquire an additional electronic
charge as well as its resistance to exchange the electronic
charge with the environment simultaneously. Thus, a
good electrophile can be characterized by a high value of
® and a low value of 7.

Again the recently introduced [23,30] global nucleo-
philicity index (N), has been based on the relationship N
= —[P, where [P is the gas phase (intrinsic) ionization
potential which can be directly extended to describe the
local nucleophilicity. Within the simplest approximation
to the nucleophilicity, the IP values can be approximated
in terms of the HOMO energy in a molecule within a
given molecular orbital (MO) scheme. The nucleophilic-
ity index N for a given system, was therefore defined
[23,40] as N= EHOMO(Nu) — €HOMO(TCE) (111 eV LlIlitS) where
enomou) 18 the HOMO energy of the nucleophile and
enomo(rcey corresponds to the HOMO energy of the tet-
racyanoethylene (TCE) taken as reference.

In Table 5 we have presented the HOMO and LUMO
energies of N1, K1, K2 and K3 along with their elec-
tronic chemical potential (z), chemical hardness (7),
global electrophilicity (@) and the nucleophilicity index
(N). The electronic chemical potential of N1 (—3.81 eV)
is higher than that of all K’s (—4.20, —3.82 and —4.19 ¢V)
implying that the CT will take place from the nitrone (N1)
to the ketone (K) in all the three cases with predominant
HOMOy; - LUMOx interaction for the N1/K3 system
presented in Table 5 and Figure 8. According to the ab-
solute scale of electrophilicity [41] based on the w index,
N1 and K1 - K3 all belong to the realm of strong electro-
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Table 5. HOMO and LUMO energies, and the global reactivity indices for nitrone (N1) and three ketones (K1 - K3).

System Eop (a.u) HOMO (eV) LUMO (eV) 1 (eV) n (eV) o (eV) N (eV)
N1 -1091.51 —5.63 -1.98 -3.81 3.65 1.99 3.49
K1 —654.04 —6.31 -2.09 -4.20 422 2.09 2.81
K2 —768.56 -5.85 -1.78 -3.82 4.07 1.79 3.27
K3 —670.08 —6.22 -2.17 —4.19 4.05 2.17 2.90

HOMO

LUMO

Figure 8. Frontier molecular orbital picture of N1/K3 in-
teracting system.

philes (values greater than 1.50 eV). Both K1 and K3
show greater values of @ than N1. These un-saturated
ketones follow the electrophilicity order K3 > K1 > K2.
Examining their nucleophilicity (V) indexes values, it
can be noted that N1 is more nucleophilic (N = 3.49 eV)
than the ketones. K1 (N =2.81 eV) and K3 (N =2.90 V)
have lower values of nucleophilicity index compared to
K2 (N =3.27 eV). Thus considering electrophilicity, K3
and K1 are both stronger electrophiles and N1 is the best
nucleophile. Hence N1/K3 is expected to interact better
as compared to the other N1/K, which was also observed
experimentally (Table 3, 4™ column). Experimentally,
similar cycloadditions [42] were carried out using several
nitrones which include our N1 and ketones including K1
and K2 of ours, but exactly their choice of reactant pairs
do not coincide precisely with those of ours. However,
they have reported the product ratios of different stereoi-
somers and also the total yields of the reactions carried
out over a time span of about 20 hr. It is apparent from
their work that the reaction gets faster from N1/K1 to
N1/K2 producing better yields, thus supporting our con-
jecture that the sequence of weak binding constants be-
tween the corresponding reactant pairs follow: N1/K3 >
N1/K1 > N1/K2. The philicity based computational re-
sults are in fair agreement with the experimental results
in all respect.

4. Conclusions

From above, the following conclusions could be drawn.

e The nitrone favours charge transfer interaction with
unsaturated ketones in the order K3 > K1 > K2 in
terms of experimental binding constants (K), transi-
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tion dipole strengths (uzy) and resonance energies (Ry)
of the complexes and these are also in accordance
with the electrophilicity (w) and nucleophilicity (V)
indexes of the ketones calculated at DFT/B3LYP/6-
31G(d) level of theory on the optimized ground state
geometries.

e In ecither case K2 has the least tendency to interact
with the nitrone for entering into successful non-co-
valent charge transfer interaction.

e Overall, considering theory and experiment, K3 has
strongest possibility to interact with this particular ni-
trone N1 in non-polar toluene medium.
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