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In continuing studies of the effect of solvent and molecular structure on the behavior of photochromic and
thermochromic dye molecules, especially spiropyran (SP)-merocyanine (MC) interconversions, we have
examined a series of 6′-nitrobenzoindolinospiropyrans (6-nitro-BIPS) with varying N-functionalities (R)
CH3, CH2CH2COOH, CH2CH2CH2SO3

-, CH2CH2COO-Cholesteryl). The solvent effect was assessed by
following the thermal decay of the photochemically ring-opened merocyanine to the spiropyran (MCH SP)
via UV/vis spectroscopy at theλmax of the MC form. It was found that while modification of the N-moiety
produced no perturbations in the solvatochromic behavior of these dyes, there was a marked effect on the
solvatokinetic behavior. In nonpolar solvents, where the MCs possess predominantly quinoid character (unit
central bond order), a constant thermal reversion rate was observed for the MCs with electron-rich N-ligands.
This was attributed to electronic and steric interactions between the ligands and the phenoxide moiety. However,
in polar solvents the increased zwitterionic character of the MCs (central bond order∼2) leads to inhibition
of the thermal reversion rate for the MCs in this study, independent of N-functionality. The MCH SP
interconversion has also been examined by means of semiempirical calculations. These reveal the lowest
energy pathway for conversion of thetrans-MC to a cis-MC form via sequential bond rotation of the three
central dihedral angles (R, â, andγ). The calculations support the observed solvatokinetic behavior, leading
to the assignment of thetrans/cisthermal isomerization as the rate-determining step in the overall process.

Introduction

Since the discovery of the photochromic properties of
spiropyrans in 1952,1 the spiropyran-merocyanine intercon-
version has been investigated for various applications, such as
recording, copying, emissive displays, and, more recently,
optical data storage and sensors.2 Most commonly studied has
been theN-methyl-6′-nitrobenzoindolinospiropyran (6-nitro-
BIPS), SP-Ih MC-I system:

Our own interest in these systems is from the viewpoint of a
photochemical binary element in optical data storage.3 The basis
of these molecular switches is that solutions of SPs are generally
colorless (λSP ) 200-400 nm), being composed of two
heterocyclic rings linked by a common tetrahedral sp3 carbon
atom which enforces an orthogonal orientation between the two
heterocycles. However, absorption of radiation in the SP
absorption envelope leads to cleavage of the C-O bond and
ring-opening to produce the merocyanine (MC). Upon ring

opening, the previously isolated halves of the molecule form a
planar structure that allows forπ-orbital overlap, shiftingλmax

to the visible region (540-580 nm). The open form generally
adopts atransstructure that is more stable than thecis form as
it minimizes nonbonding interactions. Thus, the initially color-
less solutions of spiropyrans upon exposure to UV radiation
become deeply colored on formation of the merocyanine. The
colored merocyanine solutions revert either thermally to the
spiropyran state following a first-order kinetic rate law, or
photochemically.4 Indeed, the extensive amount of research
conducted on this photochromic system has led to a prototypical
device capable of storing information, based on doping the SPs
into a PMMA polymer.4,5

The thermal reversion pathway to re-form the SP generally
occurs spontaneously at ordinary temperatures, precluding
application to optical data storage systems. Hence, studies are
being conducted to develop SPs that do not revert thermally at
room temperature. Our own approach has recently been to
design and develop a molecular switch based on photochromic
spiropyrans that are capable of selectively chelating a divalent
metal in the MC form, thereby stabilizing the colored species.

We recently reported our work toward the development of a
molecular switch that inhibits the thermal reversion process
through attachment of a chelating ligand onto a 6′-nitro-SP as
anN-indolino substituent.6 Photoirradiation of these SPs results
in heterolytic cleavage of the C-O bond, generating a bidentate
MC ligand composed of the phenoxide and theN-indolino
substituent. In the presence of a divalent metal ion, chelation
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of the metal with the MC ligand preferentially stabilizes the
MC complex from thermal reversion.6

A number of unsolved problems remain concerning the
MC H SP transformation: the intimate structure of the
photochemically produced colored species; the nature of any
reaction intermediates; and the detailed mechanistic processes
involved in the thermally reversible pathway between SP and
MC. Semiempirical calculations have been reported on the ring-
opened rotational isomers of 6-nitro-BIPS to determine the most
stable trans-MC form and the differenttrans-conformers
involved in the overall thermal cyclization reaction mechanism.7

In other studies, dynamic NMR and NOE experiments have been
performed on ring-opened systems to determine the most stable
conformer.8 Investigations by transient nanosecond and pico-
second spectroscopy9a,band laser flash photolysis9c have led to
the observation of the high-energycis-form as a transient
intermediate. A number of linear free energy relationships
(LFERs) have been developed to examine the mechanisms and
intermediates of ring closure.10

Study of the thermal reversion of N-functionalized compounds
offered a test of our hypothesis that electron-rich moieties would
give rise to an inhibiting effect on the rate of the MCf SP
thermal reversion. This will arise from the electrostatic interac-
tions between the ligand and the phenoxide moiety, precluding
the nucleophilic attack of phenoxide that re-forms thespiro ring.
In the present study of spiropyrans II-IV, the solvent depen-
dence of the thermal reversion rate and absorption maximum
has been examined via UV/vis spectrophotometry and compared
to that of SP-I. The study sheds light on the effect of
N-substituent modification on the ring closure mechanism and
electronic distribution of the MC.

SP-I-III and a novel SP, the cholesteryl ester derivative, SP-
IV, were investigated to examine electrostatic, inductive, and
steric effects on ring closure. To complement the solvent effect

study, the ring closure mechanism has been analyzed via
molecular modeling. In light of the earlier studies reporting
experimental observation of thecis-MC as a transient intermedi-
ate,9 thetrans-MC f cis-MC isomerization has been examined
through rotation about the three central dihedral angles. This
has shed light on the number of steps and the order in which
they occur sequentially for ring closure. The results enhance
our understanding of the effects of N-substituents and solvent
effects and have allowed us to elucidate the lowest energy
pathway of the MCf SP conversion, incorporating thecis- as
well as thetrans-MC forms.

Experimental Section

Synthesis and Procedure.The synthesis of SP-I-III used
in this study has been reported previously in the literature.2,6,11

SP-IV was synthesized viaN,N′-dicyclohexylcarbodiimide
(DCC)/p-(dimethylamino)pyridine (DMAP) coupling of SP-II
with cholesterol in THF.

Synthesis of SP-IV. Into a 100-mL round-bottomed flask
equipped with a pressure-equalized dropping funnel, a magnetic
stirring bar, and an argon inlet were added SP-II (0.574 g, 1
mmol) and cholesterol (0.353 g, 1 mmol). After they were
dissolved in dry THF (10 mL) and cooled to 0°C, a solution
of DCC (0.314 g, 1.62 mmol) and DMAP (0.042 g, 0.35 mmol)

in THF (4 mL) was added dropwise over 45 min. The mixture
was stirred at 0°C for a further 2 h and then gradually warmed
to 25°C over 12 h. During the warming period, a dicyclohexy-
urea (DCU) precipitate formed which was filtered and washed
with THF (3 × 50 mL). The filtrate was evaporated under
reduced pressure to give a red/purple precipitate. Flash chro-
matography (CHCl3:silica gel) gave yellow crystals of SP-IV
in 36% yield, mp 212-213 °C. Anal. Calcd for C48H64O5N2:
C, 76.97; H, 8.55; N, 3.74. Found: C, 77.19; H, 8.43; N, 3.68.

1H NMR (400.1 MHz) in DMSO-d6: δ 8.04 (1H, d), 8.03
(1H, s), 7.28 (1H, s), 7.22 (1H, t), 7.11 (1H, d), 6.93 (2H, m),
6.77 (1H, d), 6.64 (1H, d), 5.89 (1H, d,J ) 10.5), 5.36 (1H,
m), 4.55 (1H, m), 3.58 (2H, m), 2.62 (2H, m), 2.32 (2H, d),
2.0-0.8 (43H, m), 0.72 (3H, s).

13C NMR (100.1 MHz) in DMSO-d6: 171.3, 159.5, 146.9,
141.3, 139.4, 136.5, 128.3, 127.7, 125.8, 122.8, 122.0, 121.6,
119.7, 118.5, 115.5, 106.5, 105.7, 74.4, 56.7, 56.1, 52.9, 50.0,
42.3, 39.7, 39.5, 39.3, 38.1, 36.9, 36.3, 36.1, 35.8, 34.0, 31.9,
31.4, 28.3, 28.0, 27.7, 25.8, 24.3, 23.8, 22.6, 22.4, 21.0, 19.8,
19.3, 18.7, 11.8.

IR (KBr, cm-1): 2943, 2866, 1730, 1654, 1611, 1577, 1514,
1483, 1337, 1270, 1180, 1090, 1020, 951, 915, 800.

UV/vis (λmax, ε): 342 nm, 12 000 M-1 cm-1.
Spectrophotometric Method. All glassware was washed

with ethanol and acetone and soaked in an acid bath (2 M HCl)
for 24 h before being dried under vacuum at 150°C. Solvents
purified on a bulk scale for this study were DMSO, acetone,
DMF, and acetonitrile using literature procedures.12 Additional
organic solvents used in this study were of spectrophotometric
grade (Aldrich, Sure-Seal) and were used as supplied. The
solvents used in the study include toluene, diethyl ether,
tetrahydrofuran, 1,4-dioxane, acetone,N,N-dimethylformamide,
ethanol, and water.

Stock solutions of SPs (1× 10-2 M) in DMSO or DMF were
made up in 5-mL volumetric flasks in an inert atmosphere, and
then the flasks were capped with a rubber septum, wrapped in
aluminum foil, and stored at 0°C. The physical properties
associated with each spiropyran are listed in Table 1.

Reproducible results of the photochromic transformation of
spiropyran to merocyanine were obtained through development
of a protocol that maximized formation of the colored form.
Briefly, 2.00 mL of the selected organic solvent was injected
into a 1.0-cm-path length quartz cuvette via a 2.5-mL syringe,
and then the cuvette was capped with a Teflon plug and placed
into the thermostated (25°C) cell compartment of a HP 8452
diode array spectrophotometer which was covered with a metal
lid to preclude exposure to ambient light. The “blank” spectrum
was acquired, and then a 10-µL aliquot of the spiropyran stock
solution in DMF or DMSO was injected into the cuvette
([SP] ) 5 × 10-5 M). Within the concentration range of
(1-10) × 10-5 M, the absorption intensities of SP and MC
followed Beer’s law. The cuvette was placed in a SpectroLine
ultraviolet irradiation chamber equipped with two 15-W long-
wavelength (365 nm) tubes and irradiated with 365-nm light
for 90 s to obtain the maximum concentration of the colored
MC form. The cuvette was then transferred immediately to the
cell compartment of the spectrophotometer, and absorption
spectra were acquired at constant time intervals to follow the
merocyanine decay. The reaction was followed for 10 half-lives,
and the scanning rate was at intervals that allowed approximately
10 data points per half-life (Figure 1).

The observed rate constant (kobs) is the sum of the two rate
processes,k1 andk2:
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The SPf MC thermal ring-opening process can be ignored,
i.e., k2 . k1. Observed rate constants (kobs) for the thermal
MC f SP reversion were calculated over three half-lives using
the equation derived from the first-order rate law (-dA/dt )
kobsA) and converted to a common logarithmic value,

whereAo, At, andAinf are the absorbances at times 0 andt and
after 10 half-lives, respectively. Linear regression of this
equation provided the observed rate constants (kobs )
-2.303× slope) and correlation coefficients (R2 values). This
standard protocol was performed in triplicate to obtain rate
constants within(5% (R2 > 0.999). Values quoted are average
values.

Semiempirical Calculations.All semiempirical calculations
were carried out at the restricted Hartree-Fock (RHF) level
with the MNDO-PM3 SCF-MO method,13 as implemented in
the Spartan 3.0 program.14 The three central dihedral (torsional)
angles between the indolenine and the phenoxide moieties were
labeledR, â, andγ.

The most stable conformers of thetrans-MC and cis-MC
forms were determined by geometric optimization with theâ
dihedral constrained to 180° for the trans-MC (R ) 180,â )
180,γ ) 180) and 0° for thecis-MC (R ) 90, â ) 0, γ ) 0).

These two conformations were the boundary conditions or the
lowest energy ground states in the overalltransf cis isomer-
ization.

The conversion fromtrans-MC to cis-MC involves rotation
about each of three dihedral angles. To determine the rotation
sequences, the flowchart in Figure 2 was followed in the
conversion from trans-MC to cis-MC. Calculation of the
rotational barrier for each dihedral rotation involved geometrical
optimization of each conformer formed after rotation about the
dihedral in 15° increments while the other two dihedrals were
constrained. Overall, theR dihedral was rotated from 180f
90°, while theâ andγ dihedrals were rotated from 180f 0°.
The calculations afforded the heats of formation,∆Hf (kcal/
mol), for each conformer in the rotation process. A plot of∆Hf

versus the bond angle rotation afforded the barrier to rotation
for each dihedral. The geometry and∆Hf value at the potential
energy maximum for each dihedral rotation were further
confirmed by calculation of the first-order saddle point along
the reaction coordinate, i.e., the structure with one imaginary
vibrational frequency, using the transition-state search algorithm
in Spartan 3.0. The results (Table 1S, Supporting Information)
are in satisfactory agreement with those reported herein.

Results

Solvent Effect Study.The effect of solvent on the thermal
decay rate of functionalized merocyanines obtained on irradia-
tion of the spiropyran was examined spectrophotometrically
using the protocol described in the previous section. The

TABLE 1: Effect of Solvent on the Absorption Maximum (λmax) and the Observed Rate Constants (kobs) for Thermal Reversion
of MC-I, II, III, and IV to the SP Forms at 25 °C.

MC-I MC-II MC-III MC-IV

solvent ET(30)a λmax (nm) kobs (103 s-1) λmax (nm) kobs (103 s-1) λmax (nm) kobs (103 s-1) λmax (nm) kobs (103 s-1)

toluene 33.9 600 122 604 54.8 596 12.2 608 47.5
Et2O 34.6 594 103 596 42.8 nrb nr 600 47.3
1,4-dioxane 36.0 590 63.9 594 50.2 584 18.9 594 45.4
THF 37.4 584 26.8 590 48.9 582 12.2 590 52.5
acetone 42.2 568 7.28 574 20.0 568 3.38 574 32.7
DMF 43.8 562 2.85 564 4.45 566 1.27 570 5.45
EtOH 51.9 540 0.69 548 0.60 546 0.66 546 0.66
H2O 54.0 nrb nrb 506 ∼0c 508 ∼0c nrb nrb

a ET(30) is Reichardt’s empirical solvent polarity parameter.18 b Ring-opening to the merocyanine form was not observed in these solvents.c Thermal
reversion was not observed over the 3-day monitoring period.

Figure 1. Overlay spectra at 10-s intervals to monitor the thermal
decay of MC-I (λmax ) 568 nm, [MC-I] ) 5 × 10-5M) in acetone at
298 K (total acquisition time) 900 s).

SPy\z
k1

k2
MC

ln(At - Ainf) ) -kobst + ln(Ao - Ainf)

Figure 2. Schematic depiction of dihedral rotation combinations,R,
â, andγ, for transformation fromtrans-MC (I), R180,â180,γ180, to
cis-MC (II), R90, â0, γ0.
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observed spectrophotometric data and derived first-order rate
constants for the MCf SP reversion in the solvents toluene,
diethyl ether, THF, 1,4-dioxane, acetone, DMF, and EtOH are
listed in Table 1. The solvatochromic and solvatokinetic data
for MC-I have been reported previously.15

The data presented in Table 1 show that the absorption
properties and the rates of thermal reversion are, indeed, solvent
dependent. For all of the merocyanines, a hypsochromic shift
of the absorption maximum is observed as the polarity of the
solvent increases. The rate of the thermal reversion, from the
merocyanines to the spiropyrans, also decreases as the solvent
polarity is increased. For MC-I, an inverse relationship between
the solvent polarity and the rate of thermal decay is observed:
there is a steady decrease inkobs values (0.122 s-1 f 0.0268
s-1) on increasing the polarity of the medium from toluene to
THF. However, for the N-functionalized merocyanines II-IV,
in solvents of nonpolar character (i.e., toluene, diethyl ether,
THF and 1,4-dioxane), thekobsvalues remain constant at 0.048,
0.014, and 0.047 s-1, respectively. In more polar solvents,
beginning with acetone, there is a decrease in thekobs values,
similar to the observation for MC-I, with rates converging in
EtOH, i.e.,kobs ≈ 6.5 × 10-4 s-1 for all the MCs.

Semiempirical Calculations.Theoretical calculations have
been performed to determine the order of sequential dihedral
bond rotations and the lowest energy pathway in the thermal
reversion oftrans-MC (I) to cis-MC (II), as the immediate
precursor of the ring-closed SP form. As illustrated in Figure
2, three rotations are required to convert thetrans-MC to the
cis-MC form. Rotation about each of three dihedral (torsional)
angles in 15° increments while constraining the other two made
it possible to calculate the barrier to rotation about each bond.
The rotations (φ) examined for each dihedral areR(180f 90),
â(180f 0), andγ(180f 0). The various possible permutations
involving R, â, andγ, and the resulting enthalpies and barriers
to rotation for the transformationtrans-MC f cis-MC, are
shown in Tables 2-4 in terms of the dihedral angles during
bond rotation.

Geometric optimization on the ground-state forms of SP,cis-
MC (R90,â0, γ0) andtrans-MC (R180,â180,γ180) gave heats
of formation, relative to the SP form, of 0, 9.8, and 32.7 kcal/
mol, respectively.

First Bond Rotation.Beginning with the most stabletrans-
MC conformer, I, the first series of dihedral rotations (φ) involve
each of theR, â, andγ dihedrals (Figure 2). In Table 2, the
calculated values of barriers to rotation and the heats of
formation are given for the initial and final geometries. Rotation
of the R dihedral (180f 90) is associated with a barrier of
22.6 kcal/mol and an increase in energy to 32.4 kcal/mol for
conversion oftrans-MC (I) to the trans conformer denoted as
At. The highest rotation barrier (30.7 kcal/mol) is observed for
theâ dihedral (180f 0) in thetransf cis isomerization, which
also results in thecis conformerBc having the highest energy,
40.5 kcal/mol. Rotation of theγ dihedral (180f 0, 24.3 kcal/
mol) is similar energetically toR rotation, the energy change
to conformerCt being minimal, 0.4 kcal/mol.

Second Bond Rotation.The conformersAt, Bc, andCt formed
from the first bond rotation can each undergo two dihedral
rotations, as depicted by Figure 2. In Table 3 are listed the
barriers to rotation and the heats of formation for the initial
and final geometries,Dc, Ec, andFt.

Rotation of theγ dihedral in conformerAt to form conformer
Ft is associated with a small barrier of 1.5 kcal/mol, and a
negligible change in enthalpy. However, while rotation of the
â dihedral on going fromAt to Dc does not alter the enthalpy
of the system (Table 3), the barrier in forming conformerDc is
26.3 kcal/mol.

Rotation of theR dihedral in theBt conformer to formDc

shows no barrier to rotation and a decrease in enthalpy of 7.3
kcal/mol. Furthermore, rotation of theγ dihedral to form
conformerEc results in a minimal change in energy with a
barrier of 8.5 kcal/mol (Table 3).

For conformer Ct, rotation of the R dihedral to form
conformerFt is associated with a large barrier of 22.5 kcal/mol
and an increase in the enthalpy of the system of 22.0 kcal/mol.
The trans f cis isomerization,Ct f Ec (â:180 f 0), also
required a large barrier, and the enthalpy increase was 29.9 kcal/
mol (Table 3).

Third Bond Rotation.The last dihedral rotations to form the
most stablecis-MC conformer, II, involve rotation about each
of the R, â, andγ dihedrals in conformersDc, Ec, andFt. In
Table 4 are given the respective barriers to rotation and the heats
of formation forDc, Ec, Ft, andcis-MC (II). ConformerDc has

TABLE 2: Heats of Formation (H f) and Barriers for Rotation about the r, â, and γ Dihedrals in the Most Stable trans-MC (I)
Conformer, r180 â180 γ180, To Generate Conformers At, Bc, and Ct: First Bond Rotation

initial geometry Hf
i (kcal/mol) φ barrier (kcal/mol) Hf

f (kcal/mol) final geometry

R(180f 90) 22.6 32.4 R90,â180,γ180 (At)
R180,â180,γ180 (I) 9.8 â(180f 0) 30.7 40.5 R180,â0, γ180 (Bc)

γ(180f 0) 24.3 10.2 R180,â180,γ0 (Ct)

TABLE 3: Heats of Formation (H f) and Barriers to Rotation Following the Second Series of Rotations for Conformers At, Bc,
and Ct about the r, â, and γ Dihedrals To Form Conformers Dc, Ec, and Ft: Second Bond Rotation

initial geometry Hf
i (kcal/mol) φ barrier (kcal/mol) Hf

f (kcal/mol) final geometry

R90,â180,γ180 (At) 32.4 γ(180f 0) 1.5 32.2 R90,â180,γ0 (Ft)
â(180f 0) 26.3 33.6 R90,â0, γ180 (Dc)

R180,â0, γ180 (Bc) 40.5 R(180f 90) (-7.3)
γ(180f 0) 8.5 40.1 R180,â0, γ0 (Ec)

R180,â180,γ0 (Ct) 10.2 â(180f 0) 29.9
R(180f 90) 22.5 32.2 R90,â180,γ0 (Ft)

TABLE 4: Heats of Formation (H f) and Barriers to Rotation Following the Rotations of r, â, and γ in Conformers Dc, Ec, and
Ft To Form the Most Stable cis-MC Conformer (II), r90, â0, γ0: Third Bond Rotation

initial geometry Hf
i (kcal/mol) φrotated barrier (kcal/mol) Hf

f (kcal/mol) final geometry

R90,â0, γ180 (Dc) 33.6 γ(180f 0) 1.5
R180,â0, γ0 (Ec) 40.1 R(180f 0) (-7.5) 32.7 R90,â0, γ0 (II)
R90,â180,γ0 (Ft) 32.2 â(180f 0) 32.4
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a heat of formation of 33.6 kcal/mol; 180° f 90° rotation of
the γ dihedral to form the most stablecis-MC conformer is
subject to a minimal barrier to rotation (1.5 kcal/mol) with a
small decrease in enthalpy (0.9 kcal/mol). The dihedral rotations
for Ft andDc led to minimal changes in the enthalpy. However,
theâ dihedral rotation ofFt f cis-MC (II) corresponds totrans/
cis isomerization and has a large barrier to rotation of 32.4 kcal/
mol. In contrast to this,R rotation ofEc to form cis-MC (II) is
associated with no barrier and a 7.5 kcal/mol decrease in
enthalpy (Table 4).

The computational studies described are for stepwise pro-
cesses in the conversion oftrans-MC (I) to cis-MC (II).
However, the representation in Figure 3 suggests that many other
pathways could be followed in isomerization from thetrans to
thecis conformer. In this diagram (a 3-D version of the More-
O’Ferrall-Jencks diagrams),16 each of the axes represents a
dihedral angle; our calculations followed a stepwise pathway
with no deviation from the axes. In contrast, the dashed line
traversing from the lower left to the upper right corner pertains
to a fully concerted mechanism. As hybrids of these two
extremes, there are many possibilities that encompass both the
stepwise and the concerted mechanisms, for which computa-
tional modeling is not attempted in the present study.

Discussion

1. Solvatochromic Behavior.Merocyanine dye molecules
have electronic structures that lie between the polyenes and
polymethines, depending on the nature of the heteroatoms and
solvent polarity.17 Merocyanines are comprised of an electron-
donating group, D, linked through aπ-conjugated species to
an electron-accepting group, A, and can be described in terms
of two mesomeric structures: DsRdA T D+dRsA-. The
electronic transition from the chromophore is an intramolecular
charge transfer between the donor and acceptor groups, generat-
ing an excited state with a dipole moment (µe) that is appreciably
different from the ground-state dipole moment (µg).

We have observed very pronounced solvent effects on the
spectral characteristics of merocyanines I-IV; these result from
a change in the dipole moment upon electronic excitation. Plots
of the wavenumber (ν, cm-1) versus theET(30) parameter18 for
all MCs (Figure 4) examined exhibit negative solvatochromism,
i.e., λmax decreases with an increase in the solvent parameter
ET(30), in accordance with the ground state being more dipolar
than the excited state (µg > µe). Moreover, the solvatochromic
behaviors of the various N-functionalized MCs are identical;
i.e., the effects of solvent onµg andµe along the series of MCs
are identical. Since these compounds differ only in the nature
of the N-ligand, it follows that the solvatochromism is not
affected by the nature of the N-substituent.Thus, attachment

of a chelating moiety on the N-indolino portion of SP does not
affect the dipole moments of the ground state or the excited
state. It can hence be concluded that the electronic structure of
the merocyanine is determined solely by the solVent medium
and is independent of the N-substituents used in this study.

To summarize, the N-functionalized MCs constitute a con-
jugated system that exhibits solvatochromism due to varying
relative contributions of two canonical forms: nonpolar quin-
oidal and dipolar zwitterionic (Figure 5). These molecules
exhibit a negative solvatochromic effect which is indicative of
(a) a decrease in the dipole moment upon electronic excitation
and (b) a concurrent increase in the ground-state dipole moment
due to greater contribution of the zwitterionic mesomer.
Moreover, since the solvatochromic behaviors of MC-I-IV
are identical, it follows that both of these properties are
independent of the nature of the N-substituent.

2. Mesomer-Dependent Ring Closure Mechanism.The
mechanism for the thermal reversion of atrans-merocyanine
to the spiropyran must involve a minimum of two steps: (1)
trans-cis isomerization about the central double bond; and (2)
a mesomer-dependent reaction to re-form the heterocyclic spiro
ring. The first step results in conversion of the more thermo-
dynamically stabletrans-MC to a strainedcis-MC geometry.
The lifetime of thecis-MC species will be short due to the
increase in strain energy arising from steric repulsions and
conformational restriction. However, formation of the strained
cis-MC brings the phenolate nucleophile into close proximity
to the electron-deficient spiro carbon center (Cspiro), facilitating
intramolecular reaction to re-form the more stable spiro ring
system.

As shown by the solvatochromic data, dipole moments of
the MCs change markedly with solvent polarity. In highly polar
solvents, the visible absorption is shifted to higher energies
relative to nonpolar solvents, i.e., a hypsochromic effect,
contrasting with the xanthene dye Rhodamine B, which is
stabilized only by protic solvents.19 In the present system, this
is due to the change in the relative contribution of the two

Figure 3. Diagram illustrating different possible pathways in isomer-
ization of trans-MC (I) to cis-MC (II) conformer: along axes of cube
(e.g.,R, â, γ, in sequence); fully concerted pathway (- - -); and one of
the possible nonconcerted pathways (solid curve).

Figure 4. Plots depicting the similar solvatochromic behavior of MC-I
(b), MC-II (0), MC-III ( +), and MC-IV (×),1.0× 10-4 M, at 25°C.

Figure 5. Illustrations of the zwitterionic, quinoidal, and hybrid
structures of MC-I as affected by solvent polarity. The critical double/
single bond which is affected by solvent polarity is circled.
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mesomeric structures that comprise the overall MC form,
quinoidal and zwitterionic (Figure 5), toward the latter structure.
The bond orders in the mesomers differ, in particular the central
â bond, which has to undergo atransf cis isomerization along
the reaction coordinate to re-form the SP.

Conversion of thecis-MC to SP in solvents where the
quinoidal form of the MC predominates can be formulated as
an intramolecular electrocyclic process via the transition state
(TS*).20 These types of reactions do not have an appreciable

solvent dependency associated with them,21 which argues against
this being the rate-determining step (RDS), noting the marked
solvent effect which is observed on the rate of ring closure.

On the other hand, in the zwitterionic form, the ring closure
mechanism can be likened to an anion-cation recombination
reaction. Ritchie has studied extensively the effect of solvent
on the rates of recombination of carbocations and some other
electrophiles with anionic and neutral nucleophiles.22 The
carbocations used were typically tropylium, trityl, and xanthy-
lium, while nucleophiles were typically thiolate, cyanide, and
free amines. However, no spectacular solvent effect on rates
and equilibria was found over the range acetonef water. This
can be explained on the basis of a balancing solvent effect on
cation stabilization and anion destabilization in these systems.
Furthermore, Hoz et al.23 highlighted the importance of the
electrophile LUMO in studies of nucleophilic attacks on low-
LUMO substrates. The significant solvatochromic behavior
observed in the present work shows that the ground state is
being stabilized by the solvent. However, since the LUMO
remains essentially constant with solvent change, if the recom-
bination reaction contributed to the rate-determining step of the
reversion then no solvent effect would be observed for the
thermal reversion. Thus, the observation of a significant solvent
effect would rule out cation-anion recombination as the RDS
step of MCf SP ring closure.

Increasing the solvent polarity stabilizes the zwitterionic
mesomeric form over quinoidal oftrans-MC in the ground state,
concomitant with an increase in bond order of the central C-C
bond circled in Figure 5. The will result in a decrease in the
rate of isomerization,transf cis, noting that the barrier to
rotation for a typical CdC bond is∼65 kcal/mol, while for
C-C it is very much lower,∼5 kcal/mol. It follows that atrans-
MC with high zwitterionic character will have associated a large
energy barrier to isomerization to thecis-MC form and that the
extent of zwitterionic character will be solvent dependent.

3. Solvatokinetic Behavior.The solvatokinetic behavior of
MC-I was examined by Keum et al., who found a linear
correlation between the thermal reversion rate andET(30), an
increase in the polarity of the medium resulting in a decrease
of the thermal reversion rate.15 Moreover, the decrease of the
thermal reversion rate was dependent on the extent of zwit-
terionic character of thetrans-MC-I, as measured by the
solvatochromic absorption maximum shift, i.e., theλmax andkobs

values and solvent polarity were codependent, in agreement with
the above discussion.

While the solvatochromic behaviors, i.e., solvent effects on
the absorption maxima, of MCs in this study are closely similar
and follow a linear trend in the plot ofν (cm-1) versusET(30)
(Figure 4), the solvatokinetic behaviors differ along the series.

As shown in Figure 6, the plots ofkobs versusET(30) for the
thermal reversion of MC-II-IV differ from that of MC-I. Unlike
MC-I, which shows an inverse relationship betweenkobs and
ET(30), in the case of MC-II-IV the plot can be dissected into
two distinct regions. The first region is a plateau corresponding
to the nonpolar solvents used in the study, i.e., toluene, 1,4-
dioxane, Et2O, and THF, where thekobsvalues remain virtually
constant. However, in the second region, corresponding to the
more polar solvents, i.e., acetone, DMF, and EtOH, there is a
steady decrease in thekobs values.

In the nonpolar solvents, the main contributor will be the
quinoidal species in which the central bond has essentially unit
bond order (Figure 5). Hence, rotation about this “single bond”
to form thecis-MC (II) will be associated with a low barrier.
The mechanism for ring closure of the quinoidal form will be
an electrocyclic process, as discussed previously, which will
be associated with minimal solvent effect.20

In contrast, the main contributor in polar solvents will be the
zwitterionic species, with the central bond having essentially a
bond order of 2. Rotation about this (double) bond will be
associated with a significantly larger barrier than for the
quinoidal structure.

Considering the effect of substitution at the indolenine
nitrogen by electron-rich ligands [-(CH2)3SO3

-, -(CH2)2-
COOH], it can be expected that electrostatic repulsions between
these ligands and the oxygen of the aryloxide moiety would
interfere with the orientation required for ring closure and
thereby retard the rate of reversion to SP, as illustrated in Figure
7. The purely steric effect of the cholesterol substituent in MC-
IV will be manifested similarly.

The effect of changing solvent, nonpolarf polar, is illustrated
in Figure 8, which depicts the energetics for the transformations,
trans-MC f cis-MC f SP. It follows from the previous
discussion on the relationship between central bond order and
solvent polarity that in nonpolar solvents, where the quinoid
MC structure predominates and this bond order is unity, these
N-substituents will exhibit a major rate-retarding effect. How-
ever, in highly polar solvents, where the zwitterionic structure
is predominant, the effect of substituents will be marginal only.

Figure 6. Plot of the observed rate constants for the thermal reversion
of MC-I (b), MC-II (0), MC-III ( +), and MC-IV (×) in solvents of
varying polarity as a function of theET(30) parameter.

Figure 7. Illustration of the electrostatic repulsions between the ligand
(L) and the aryloxide moiety in the proposed transition structure of
the rate-determining step for the overall thermal reversion oftrans-
MC to SP.
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For nonpolar solvents, the energy barriers for thetrans-
MC f cis-MC isomerization (the RDS) will be higher with
MC-II-IV than for MC-I due to steric interactions between the
N-ligand and the aryloxide moiety, denoted as N-L)(OAr. As
shown by thekobsvsET(30) plot in Figure 6, MCs II-IV exhibit
a profile with a plateau in nonpolar solvents followed by a rate
retardation, contrasting with the inverse relationship found
betweenkobs and ET(30) for MC-I. The relative constancy of
the thermal reversion rates in nonpolar solvents for MC-II-IV
signifies that the activation barriers emanating from the interac-
tion between the N-substituent and the aryloxide moiety are
unaffected by these solvents (Figure 8a).

In polar solvents (Figure 8b), the energy barrier corresponding
to the RDS is no longer dependent on the interactions between
the N-ligand and the phenoxide moiety. The dominant factor
now is the essentially double bond nature of the central bond
resulting from increased zwitterionic character with its ac-
companying high rotational barrier. Hence, there is no dif-
ferentiation between MC-I through MC-IV, and the reaction
profile in Figure 8b has coalesced to a single curve. This is
reflected in the data of Figure 6, where thekobsvalues for MC-
II-IV are very similar to that of MC-I.

Ligand Electrostatic Effect.Attachment of chelating ligands,
(CH2)2COOH and (CH2)3SO3

-, to the indolino nitrogen results
in an increase in the electron density of the end groups for the
N-functionalities of MC-II and MC-III relative to MC-I, as
shown by the calculated atomic charges of the carboxyl and
sulfonate groups using semiempirical methods (Spartan 3.0,
PM3), Figure 9. The increase in electron density of the chelating
moiety will give rise to through-space electrostatic repulsions
between the ligand and the phenolate moiety. These repulsive

interactions will increase the barrier in the conversion oftrans-
MC to cis-MC (Figure 8a), since there are specific steric
requirements associated with this process which will experience
steric encumbrance. In the case of MC-I, there is no evidence
of repulsion between the methyl group and the phenolate moiety
hindering cyclization.

The magnitude of the electrostatic repulsion will be dependent
on the charge density of the interacting groups. As shown in
Figure 9, the charge density on the SO3

- moiety is much greater
than that on COOH. The ligand end-group with the higher
electron density will cause greater electrostatic repulsion during
conversion oftrans-MC to cis-MC and hence a larger barrier
to rotation. This is in accord with the relative rate constants for
reversion of MC-II and III,kobs(MC-II) > kobs(MC-III), indica-
tive of larger electrostatic repulsions occurring between the
phenolate and the sulfonate ligand in the MC-III system.

4. Molecular Modeling. As stated in the Introduction, the
SPH MC thermal interconversion includes a further species,
the cis-MC form, as a transient intermediate.9 Inspection of
molecular models shows that ring closure will be facilitated from
the cis-MC as opposed to from thetrans-MC form.

Initially, calculations were performed on three species:trans-
MC, cis-MC, and SP. With SP normalized at 0 kcal/mol, the
calculated∆Hf values ofcis-MC (II) and trans-MC (I) were
32.7 and 9.8 kcal/mol, respectively, as shown in Figure 10. This
is in accord with the experimentally observed thermal reversion
occurring from MCf SP, the thermodynamically more stable
species.

In the stepwise procedure (Figure 3, path a), the transforma-
tion from trans-MC (I) to cis-MC (II) must entail a minimum
of three elementary steps, i.e., rotations about the dihedral angles
R, â, andγ: R180f 90, â180f 0, andγ180f 0 (Figure 2).
∆Hf values were calculated at 15° intervals of the dihedral
angles. The energy maxima in Figure 11 correspond to the
highest energy conformations of the dihedral rotation.

The data in Table 2 show that the barrier on going fromtrans-
MC (I) to conformerBc is the highest of three rotations (R, â,
γ), and henceâ rotation at this stage can be eliminated. The

Figure 8. Potential energy-reaction coordinate diagram for conversion
of MC f SP. (a) In nonpolar media (toluenef THF), where the
quinoidal MC form is the major contributor with unit central bond order,
the higher energy barrier for MC-II-IV (;) relative to that for MC-I
(- - -) resulting from interaction of the N-functionality (N-L) and the
Ar-O- moiety. (b) In polar media (acetonef EtOH), due to the
increase in zwitterionic contribution with double central bond order
for MC-I-IV (;).

Figure 9. Calculated atomic charges on N-ligands in MC-II-III.

Figure 10. Potential energy diagram (kcal/mol) depicting the dihedral
bond rotations (Tables 2-4) that define the lowest energy pathways
(f) in the thermal reversion oftrans-MC (I) to cis-MC (II), to SP,
with dashed plateaus (- - -) indicating highest energy conformers.
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barriers forR andγ bond rotation to form conformersAt and
Ct differ only by 1.7 kcal/mol, suggesting that both pathways
can occur due to the minimal energy difference. This is
confirmed by dynamic NMR studies of the open-form MCs of
spironaphthoxazines and 3H-naphthopyrans in solution which
showed that, along with thetrans-MC (I) form, another MC
species was detected and was identified as corresponding to
the Ct conformer.8 This demonstrates that an equilibrium is
established betweentrans-MC (I) and conformerCt, which is
in accord with our calculations.

Barriers to rotation for both theR andγ dihedrals are large
(Figure 11a,b) because merocyanines possess the characteristics
of Vinylogous amides, due to the dipolar nature of the conjugated
double bonds that separate the donor and acceptor atoms.24 Thus,
even though the molecule is described structurally as having
alternating single and double bonds, the bond orders are actually
hybrids, which accounts for the appreciable rotational barriers
associated with theR andγ dihedrals.

On proceeding from theAt andCt conformers after the first
bond rotation, rotation of theâ dihedrals can again be excluded
since this implies atransf cis isomerization about the formal
double bond, i.e., the energy required to uncouple theπ-bond
in a trans geometry and re-form thecis geometry. Hence, the
energetically favorable second rotations of conformersAt and
Ct will be those of theγ andR dihedrals, respectively, to form
conformerFt (Figure 11c). Finally, rotation of theâ dihedral
in conformer Ft leads to cis-MC (II). The process entails
transf cis isomerization and is associated with a large barrier
to rotation, 32.4 kcal/mol (Figure 11e).

Lowest Energy Pathway.In a previous computational study
by Abe et al., semiempirical calculations were used to investigate

the interconversion of the four planartrans-MC isomers of
6-nitro-BIPS (R ) 0, 180,â ) 180,γ ) 0, 180).7 Barriers to
rotation between the conformers were calculated to determine
the sequence of dihedral rotations occurring in the overall
thermal reversion of MCf SP. The calculations showed that
three rotational isomers were involved in the thermal reversion
process to SP:R180, â180, γ180 f R180, â180, γ0 f R0,
â180, γ180 f SP. The potential energy diagrams for these
processes showed no discontinuities. The barriers for the two
rotations were 27 and 22 kcal/mol, while the cyclization to form
SP had a barrier of 18 kcal/mol. Thus, the calculations of Abe
et al. considered the cyclization from thetrans-MC form to SP
to occur directly, without the intermediacy of thecis-MC form.

The computations performed in the present work, in contrast,
include thecis-MC form on the reaction pathway, as well as
trans-MC forms. The necessity to include acis-MC form is
based on experimental results of (a) transient pico- and
nanosecond spectroscopy9 and (b) ligand/metal-ion complex-
ation of bidentate MCs that traps thecis-MC form.25 In these
works, the cis-MC form has been detected as a transient
intermediate in the photocoloration process, in accord with the
cis-MC form being a well on the potential energy surface.
Inclusion in the present work of thecis-MC form computation-
ally has allowed the lowest energy pathway to be calculated on
the basis of the three dihedral rotations required to transform
trans-MC (I) to cis-MC (II) (Figure 2). It should be noted,
however, that the actual values of calculated rotational barriers
and the enthalpies may not be quantitative; nevertheless, they
lead to improved understanding of the processes that take place
and enable one to determine the rotational barrier with the
highest energy.

Figure 11. Potential energy diagrams depicting the lowest energy pathways for MC-I to SP: (a)trans-MC (I) f At; (b) trans-MC (I) f Ct;
(c) At andCt f Ft; (d) Ft f cis-MC (II).
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Figure 12 shows the key structures involved in the conversion
of trans-MC (I) f cis-MC (II) on the basis of the rotational
barriers enumerated in Tables 2-4 and depicted graphically in
Figure 11. The reaction coordinate diagram in Figure 10 shows
clearly that the RDS in thetrans-MC (I) f cis-MC (II)
conversion corresponds totrans-cis isomerization oftrans
conformerFt to cis-MC (II) and is associated with an energy
barrier of 32.4 kcal/mol. Furthermore, the molecular modeling
calculations have shown that the RDS of any plausible stepwise
path in the conversion oftrans-MC (I) to cis-MC (II) corre-
sponds to dihedral rotation about the centralâ bond. There is a
formal analogy tocis/trans isomerization of stilbene26 and
azobenzene,27 where the process involvesπ-bond rupture and
the highest energy TS has the benzene rings perpendicular to
one another.

Conclusions

The effect of N-indolino substituents on the thermal reversion
process, MCf SP, of a series of MCs has been examined via
solvent effects on the absorption maxima and the thermal
reversion rates, as well as through semiempirical calculations.
For the N-functionalized MCs, the solvent effects on the reaction
rates have shown that two major factors are influencing the
thermal reversion process by affecting the rate-determining step
of the reaction. The first is electrostatic and steric repulsions
between the aryloxide moiety and the N-ligand, while the second
is the extent of double-bond character of the central C-C bond.
The interactions of the N-ligand and the aryloxide moiety are
independent of solvent, whereas the bond order of the central
bond is solvent-dependent. In nonpolar solvents, electrostatic
and steric repulsions constitute the major influence on the RDS
because the quinoid nature of the MC is associated with
essentially single bond character of the central bond. However,

on increasing the solvent polarity, the central bond order
increases significantly, approaching 2, and the rotational barrier
increases and eventually supplants ligand/phenoxide interaction
as the chief factor responsible for hindering the thermal reversion
rate. Accordingly, on increasing the solvent polarity beyond that
of acetone, the kinetic behavior of all MCs in this study becomes
similar, i.e., a progressive decrease of the observed rate constant
for thermal reversion. The reaction mechanism in solvents of
higher polarity is independent of the nature of the N-functional-
ity since the primary contribution to the energy barrier in the
rate-determining step is the central bond order, as dictated by
the solvent. This was further demonstrated through dissecting
the thermal reversion process into a series of dihedral rotations
via semiempirical PM3 calculations, which have confirmed that
the RDS of the thermal reversion mechanism is thetrans/cis
isomerization about the central bond.
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