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Photochromic spirooxazines functionalizedwithpoly(ethylene glycol) (PEG) andpoly(dimethylsiloxane)
(PDMS) oligomers were monitored using NMR spectroscopy at temperatures between 193 and 233 K
before and after in situ exposure to UV irradiation. NOESY and ROESY experiments reveal the TTC
(trans-s-trans-cis) isomer to be the dominant merocyanine isomer formed on photolysis, with some
CTC (cis-s-trans-cis) isomer also present. Significant ROE cross peaks were observed between
the “bulk” of the oligomeric units and protons across the entire photochromic core of the molecule,
the intensity of these cross peaks suggesting that the interaction of the oligomer side chain and core of the
molecule is significantly enhanced by the permanent attachment, especially with the PDMS side chain.
The 2DNMR spectra indicate that there is exchange between the TTC and CTC isomers even at 193 K.
This isomerization of the parent spirooxazine compounds, lacking the oligomeric side chains, was found
to be acid-catalyzed, and DFT calculations support the strong possibility that it is the protonated
merocyanine form that undergoes the facile isomerization process. Interconversion of the different
merocyanine isomers is suggested to be fast on theNMR time scale undermany experimental conditions,
precluding the observation of different isomers using NMR spectroscopy at room temperature.

Introduction

The ability of certain molecules to change color in response
to an external stimulus has wide and increasing application
in materials. Photochromic compounds, for example, which
change color in response to light as a stimulus, have great utility
in areas such as optoelectronic applications, optical data

storage, self-assembly, and optical lenses, the latter application
being of massive commercial importance already.1-7

A key property of any photochromic material is how
rapidly the material can respond to the light stimulus or lack
thereof, i.e., its switching speed. In optic lens (“sunglasses”)

(1) D€urr, H. General Introduction. In Photochromism: Molecules and
Systems, 1st ed.; D€urr, H., Bouas-Laurent, H., Eds.; Studies in Organic
Chemistry Series 40; Elsevier: Amsterdam, 1990; Vol. 40, pp 1-14.

(2) Organic Photochromic and Thermochromic Compounds; Crano, J. C.,
Guglielmetti, R. J., Eds.; Plenum Press: New York, 1999; Vols. 1 and 2.

(3) Kawata, S.; Kawata, Y. Chem. Rev. 2000, 100, 1777.
(4) Berkovic, G.; Krongauz, V.; Weiss, V. Chem. Rev. 2000, 100, 1741.
(5) Evans, R. A.; Such, G. K. Aust. J. Chem. 2005, 58, 825.
(6) Lee, H. I.; Wu,W.; Oh, J. K.; Mueller, L.; Sherwood, G.; Peteanu, L.;

Kowalewski, T.; Matyjaszewski, K. Angew. Chem., Int. Ed. 2007, 46, 2453.
(7) Chu, N. Y. C. Photochromism: Molecules and Systems, rev. ed.; D€urr,

H., Ed.; Elsevier: Amsterdam, 2003; p 493.
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applications, for example, it is desirable for the photochro-
mic molecule to switch rapidly to the highly colored form
in the presence of bright sunlight and switch rapidly to
the transparent form in dimmer lighting, the switch to
the transparent form most often being a thermal process.
This process is illustrated above for the spirooxazine
system, an important class of photochromic molecules
(Scheme 1).4,7

The forward reaction is driven by UV light absorption,
whereas a thermal reaction or visible light will initiate the
reverse reaction; the spirooxazine form is thermodynami-
cally preferred over themerocyanine form. The spirooxazine
molecule has a spiro center with two orthogonal planes,
while the merocyanine form exists in a single plane. The
indoline and naphthylene sections rotate through 90� with
respect to each other during the interconversion process. The
numbering scheme employed is shown for the spirooxazine
form; it is retained in the merocyanine form.

Encasingunmodifiedphotochromicmolecules in rigid, solid
polymer matrices greatly retards the switching rates of the
photochromic species in comparison to those obtained in
solution, limiting their performance and utility.8 We have
developed a strategy for overcoming this slowing of switching
speeds in important classes of photochromicmolecules such as
naphthopyrans and spirooxazines.5,9-11 This is achieved by
attaching one or more oligomeric side chains, such as a short,
controlled length of poly(dimethylsiloxane) (PDMS) or poly-
(ethylene glycol) (PEG), to the photochromic molecule. These
side chains provide a relatively mobile region of low viscosity
that is in the vicinity of the photochromic molecules, even
when this molecule is embedded in the solid state in an
otherwise rigid matrix. In turn, this promotes faster switching
of the photochromic moiety, since the locally mobile environ-
ment, much like a solution, is less hindering of the intramole-
cular rotations and wholesale changes of shape that are
required and are the source of the photochromic behavior.
Previously, we reported that in comparison with the nonfunc-
tionalized molecules reductions of up to 99% in the switching
speeds of the thermal reversion of various dyes to their color-
less forms in the absence of light was achieved by attachment
of a single oligomeric unit to variousphotochromicdyes.12For
example, the oligomerically modified merocyanine containing

a PDMS side chain (3m) decolorized (reverted to the spiroox-
azine form) in 75-94% less time (based onT1/2 andT3/4) than
the electronically similar merocyanine (4m), which lacked the
attached side chain when the spirooxazines were cast into a
polymer matrix (Table 1). (The suffix s after the numeric iden-
tifier indicates the spirooxazine form, and the suffix m indi-
cates the merocyanine.)

Our previous study also included preliminary NMR data
that outlined evidence for the close proximity between the
side chain and the spirooxazine core in molecules such as 1;
further analysis is included here. Spirooxazines absorb UV
light, which results in the cleavage of the spiro C-O bond in
the oxazine ring, leading to the planar photomerocyanine
forms (Scheme 1) of which there are 8 possible isomers and 2
dominant isomers as determined by NMR, the most promi-
nent of which is shown in Scheme 1.13,14

The use of NMR to characterize spirooxazines and their
photoproducts is well established13,15-17 with numerous ex-
amples that investigate several facets including the coexistence
of four transoid photomerocyanines,18 photoelectrocyclized
structures of spirooxazine derivatives,19 through to the poly-
photochromic behavior of biphotochromic compounds,20 for
example. However NMR studies investigating oligomerically
functionalized spirooxazines, wherein the oligomers are essen-
tial in allowing “liquid-like” switching speeds when covalently
attached to spirooxazines impregnated into solid polymer

SCHEME 1. Spirooxazine (Left) to Merocyanine (Right) In-
terconversion

TABLE 1. Side Chains, Identifiers, and Corresponding Numbering

Scheme of Carbons in the Side Chains Employed in This Studya

aAlso shown are selected fade times (T1/2 and T3/4) of the photo-
chromic dyes cast into a cured polymer matrix consisting of 4:1 2,20-
bis[4-(methacryloxyethoxy)phenyl]propane and poly(ethylene glycol
(400)) dimethacrylate.12

(8) Such,G.; Evans,R.A.;Yee, L.H.;Davis, T. P. J.Macromol. Sci., Part
C: Polym. Rev. 2003, C43, 547.

(9) Such, G. K.; Evans, R. A.; Davis, T. P. Macromolecules 2006, 39,
1391.
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1206.
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9562.
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1993, 58, 5543.
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(16) Delbaere, S.; Micheau, J. C.; Berthet, J.; Vermeersch, G. Int. J.
Photoenergy 2004, 6, 151.

(17) Delbaere, S.; Vermeersch, G. J. Photochem. Photobiol., C 2008, 9, 61.
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matrices, and consequential interactions have not been re-
ported.12 The original aim of this study was to investigate
(i) the locality of the oligomers relative to the spirooxazine in
solution and whether any observed interactions require the
covalent attachment between oligomer and spirooxazine, and
(ii) whether the side chain had any electronic effect on the pho-
tochromic core of the molecule or the distribution of merocya-
nine isomers observed. Therefore twooligomers, poly(ethylene
glycol) (PEG) and poly(dimethylsiloxane) (PDMS) both cova-
lently attached to a spirooxazine host and free in solution were
investigated. NOE and ROE type through space interactions
between theoligomer side chain and the spirooxazinehostwere
measured. In situ UV radiation within the NMR probe was
used to generate the merocyanine forms, permitting the exam-
ination of interactions between the oligomers and the mero-
cyanine core in the open formaswell. FullNMRassignment of
all spirooxazine and oligomer combinations was achieved
alongwith use ofROESYNMRspectral analysis to determine
how the oligomers were interacting with spirooxazines both in
attached and nonattached forms.

Previous studies have established that the merocyanine
form of the dyes may exist as four possible stereoisomers as
shown in Chart 1.

The labels refer to either cis (C) or (s-)trans (T) stereochem-
istry for the three bonds labeled 1, 2, and 3, respectively in the
TTC isomer. Isomers in which bond number 2 is s-trans are
thermodynamically preferred. The dominant isomer is usu-
ally the TTC (trans-s-trans-cis) form.

During the course of this study, exchange between differ-
ent isomers of the photomerocyanine forms was observed to
occur even at relatively low temperatures (∼193 K) in the
NMRexperiments. The rates of isomeric exchangewere found
to be faster than would be predicted on the basis of existing
calculations in the literature.21 This led to an investigation of
the possible mechanism for the interconversion of the two
isomers. The observation that the process is acid-catalyzed
suggests that it is the transiently protonated form of the
merocyanine that undergoes the isomeric interconversion,
and this needs to be accounted for in related studies.

Results and Discussion

In this investigation, four main groups of NMR experi-
ments were conducted (Table 2). Two oligomeric identities
were investigated, a moderately polar carbon-based form

represented by PEG and a silicon-based oligomer repre-
sented by PDMSwith an alkyl spacer group. Both covalently
attached and free oligomer configurations with photochro-
mic were investigated.

NMR Assignments. The NMR assignments for the parent
molecules (i.e., spirooxazine (SOX) without oligomer attached)
have been reported in both spirooxazine22 and merocyanine
form.13 Therefore the assignments for the SOX-PEGandSOX-
PDMSmolecules alonewill be presented here inTables 3 and 4.
Oligomer assignments were also performed (Tables 5 and 6).
The numbering scheme employed is shown in Scheme 1.

In transforming from the orthogonal spirooxazine config-
uration to the planarmerocyanine form, the gemmethyl groups
convert from two distinct NMR resonances into a single reso-
nance, since they are rendered equivalent in the planar form.

The spectra of the merocyanine forms are complicated
by the fact that it was not possible to convert all of the
spirooxazine form of the compound into the merocyanine

CHART 1 TABLE2. Experimental Conditions of NMRAnalysis of Combinations

of Oligomers (PEG, PDMS), Attached or Mixed with Spirooxazine

Molecules (SOX)

descriptiona temperature (K) solvent

SOX-PEG (2) 193 d6-acetone
SOX-Prop (4) and PEG 193 d6-acetone
SOX-PDMS (3) 233 d6-acetone
SOX-Prop (4) and PDMS 233 d6-acetone

a“-” denotes covalent attachment between compounds. SOX-Prop is
a spirooxazinewith a proprionyl group at the point of attachment for the
SOX-PEG and SOX-PDMS compounds.

TABLE 3. 1H and 13CChemical Shifts of SOX-PEG (193K) and SOX-

PDMS (233 K) in d6-Acetone in Spirooxazine Form

SOX-PEG SOX-PDMS

position
(multiplicity H only) δH

a (ppm) δC
b (ppm) δH (ppm) δC (ppm)

2 (-) 98.8 98.8
3 (-) 51.9 51.9
3a (-) 135.7 136.0
4 (d) 7.225 121.8 7.18 121.8
5 (dd) 6.88 120.1 6.87 120.0
6 (dd) 7.218 128.1 7.19 128.2
7 (d) 6.75 107.6 6.70 107.5
7a (-) 147.7 147.9
8 (s)c 1.28 24.6 1.31 25.6
9 (s)c 1.25 19.6 1.28 20.1
10 (s) 2.72 29.13 2.73 29.1
1a0 (-) 122.5 122.8
20 (s) 7.93 152.4 7.86 151.6
4a0 (-) 144.6 144.8
50 (d) 7.11 116.8 7.07 116.9
60 (d) 7.91 130.4 7.86 130.6
6a0 (-) 127.3 127.5
70 (d) 7.98 129.9 7.92 130.0
80 (d) 7.23 120.0 7.20 120.0
90 (-) 149.8 150.2
100 (s) 8.16 113.0 8.16 113.0
10a0 (-) 131.3 131.8

a1H NMR shifts Relative to acetone at 2.04 ppm. b13C NMR shifts
calibrated relative to hypothetical TMS.23 d6-Acetonehas a shift of 29.43
ppm at 193 K under the conditions employed. cMethyl group 8 is closest
to 20, while 9 is pointing away from 20.

(21) Horri, T; Abe, A.; Nakao, R. J. Photochem. Photobiol., A 2001, 144,
119.

(22) Malatesta, V.; Allegrini, P.; Neri, C.; Lanzini, L. Magn. Reson.
Chem. 1992, 30, 905.

(23) Harris, R. K.; Becker, E. D.; Cabral deMenezes, S.M.; Goodfellow,
R.; Granger, P. Magn. Reson. Chem. 2002, 40, 489.
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form. After prolonged photolysis, typically 30% of the
spirooxazine form remained and hence cross peaks from
the spirooxazine form were also present in the mixture,
occasionally overlapping resonances from the merocyanine
form. An analysis of the ROESY spectra was performed.

Isomeric Configurations of the Merocyanine Form. Several
parties have investigated the isomeric conformation of the
photomerocyanine form in the absence of attached side
chains.13,14,24 It is understood that of the 8 possible stereo-
isomers, only the 4 isomers that are transoid with respect to
the C20-N linkage are possible because of the steric restric-
tions of the cisoid isomers (Chart 1).25 Lacking is a study of
the effect that an oligomeric attachment to the naphthylene
portion of the spirooxazine has on the isomeric configura-
tion. Isomeric configurations were determined for the at-
tached oligomeric compounds. Having compared the results
obtained from NOESY and ROESY experiments, it was
found at the lower temperatures with these relatively bulky
molecules, the ROESY spectra gave higher intensity signals
than the NOESY with relatively less t1 noise associated with
the experiments. NOEs at 193 K were negative (same sign as
the diagonal) in the case of SOX-PEG, so exchange andNOE
peaks were the same sign in the NOESY spectra but readily
differentiated in the ROESY spectra.

Isomers of SOX-PEG. After photolysis of SOX-PEG to
generate the merocyanine form, the TTC (trans-s-trans-cis)
isomerwas observed to be the dominant species. The keys for
identification of the TTC isomer (Chart 1) as the major
product were observation of strong ROEs between H-8,9
and H-100 as well as a strong ROE fromH-10 and H-20. This
is further supported by the lack of an observable ROE
between 10 and 100, which would be expected for the two
less likely isomers of CTC and TTT. The prevalence of the
TTC isomer suggests oligomeric attachment does not play a
significant role in stereoisomer population.

UnderUV irradiation, 70% conversion toward the photo-
lyzed merocyanine form was determined from the relative
integrals of the merocyanine and spirooxazine NMR peaks.

TABLE 4. 1H and 13C Chemical Shifts of SOX-PEG (193 K) and SOX-PDMS (228 K) in d6-Acetone in Merocyanine Forma

SOX-PEG (2m) TTC SOX-PEG (2m) CTC SOX-PDMS (3m) TTC SOX-PDMS (3m) CTC

position (multiplicity H only) δH (ppm) δC (ppm) δH (ppm) δH (ppm) δC (ppm) δH (ppm)

2 (-) 175.37 175.0
3 (-) 49.68 49.5
3a (-) 142.03 142.0
4 (d) 7.67 122.5 7.69 7.59 122.4
5 (dd) 7.32 124.93 7.27 124.7
6 (dd) 7.49 128.45 7.45 128.5
7 (d) 7.57 111.08 7.53 7.49 111.0
7a (-) 143.41 143.6
8 (s) 1.81 27.35 1.52 1.82 27.6 1.53
9 (s) 1.81 27.35 1.52 1.82 27.6 1.53
10 (s) 3.70 30.77 4.25 3.70 30.7 4.24
1a0 (-) 132.1 132.9
20 (s) 10.11 121.5 10.04 10.09 121.0 10.00
4a0 (-) 179.4 179.8
50 (d) 6.51 128.9 6.49 129.1
60 (d) 7.65 137.6 7.61 137.8
6a0 (-) 125.9 126.4
70 (d) 7.64 129.9 7.60 130.1
80 (d) 7.04 118.8 7.03 118.9
90 (-) 150.9 151.3
100 (s) 7.97 115.3 7.80 7.96 115.8 7.79
10a0 (-) 138.1 138.4

aWherenochemical shifts aregiven for theCTCisomers, it is assumedthat thechemical shifts arealmost identical to thoseobserved for thecorrespondingTTC
isomers, as no off diagonal exchange peaks were observed in the ROESY/NOESY spectra.

TABLE 5.
1
H and

13
C Chemical Shifts of the Oligomer Attachments of

SOX-PEG (193 K) in d6-Acetone

SOX-PEG (2s)
spirooxazine form

SOX-PEG (2m)
merocyanine form TTC

position δH (ppm) δC (ppm) δH (ppm) δC (ppm)

10 0 171.9/172.6 171.7/172.6
20 0 2.97 28.3 2.93 28.5
30 0 2.76 28.1 2.76 28.3
40 0 171.9/172.6 171.7/172.6
50 0 4.16 64.2 4.21 64.2
60 0 3.62 68.3 3.63 68.4
70 0 3.53 69.8-70.4 3.52 69.8-70.4
80 0-160 0 3.44-3.49 69.8-70.4 3.44-3.49 69.8-70.4
170 0 3.44 69.8-70.4 3.44 69.8-70.4
180 0 3.38 71.5 3.38 71.6
190 0 3.18 57.9 3.18 57.9

TABLE 6.
1
H and

13
C Chemical Shifts of the Oligomer Attachments

of SOX-PDMS (233 K) in d6-Acetone

SOX-PDMS (3s)
spirooxazine form

SOX-PDMS (3m)
merocyanine form TTC

position δH (ppm) δC (ppm) δH (ppm) δC (ppm)

10 0 172.1 171.9
20 0 2.68 33.7 2.64 33.8
30 0 1.70 25.1 1.71 25.1
40 0 1.40 29.3 1.43 29.0
50 0-100 0, 240 0, 250 0 1.2-1.4 23.1-34.0 1.2-1.4 23.1-34.0
110 0a 0.53 ca. 17.9 0.52 ca. 17.9
120 0-220 0 0.02-0.13 -0.4-1.2 0.02-0.13 -0.4-1.2
230 0a 0.53 ca. 17.9 0.52 ca. 17.9
260 0 0.85 13.7 0.85 13.7

a110 0 and 230 0 are highly overlapped.

(24) Zaichenko, N. L.; Lyubimov, A. V.; Marevtsev, V. S.; Cherkashin,
M. I. Izv. Akad. Nauk SSSR, Ser. Khim. 1989, 1040.

(25) Christie, R. M.; Agyako, C. K.; Mitchell, K. Dyes Pigm. 1995, 29,
241.
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Previous work carried out byNakamura et al.14 reported the
predominant isomeric form for a standard spirooxazine
configuration is the TTC form. Their ab initio calculations
indicated the second most likely stereoisomer based on
relative energies would be the CTC isomer. The region of
the spectrum containing the signals from the H20 proton in
the open form is relatively clear and shows evidence for low
concentrations of three other similar species (<3% each
compared to the TTC isomer). The CTC isomer was identi-
fied as one of these minor species, having an H20 chemical
shift at δ 10.04 with an intensity 42( 7 times lower than the
TTC isomer, implying theTTC isomer is favored by 6.0( 0.3
kJ mol-1 over the CTC isomer. The CTC isomer is identified
by an ROE between 20 and methyls 8 and 9 at δ 1.52 and an
ROE between a peak identified as 10 at δ 4.25 and a
resonance assigned as 100 at δ 7.80 (Figure 1).

Hydrogens 4 and 7 were also identified in the CTC isomer
due to the presence of ROEs from 8, 9, and 10, respectively.
The lowquantity of this isomer andoverlapwith resonances of
the more concentrated TTC isomer prevented complete as-
signment of all resonances, but it is highly likely all unassigned
protons have very similar/overlapped chemical shifts with the
corresponding hydrogen in the TTC isomer. Assignment of
several of the protons in theCTC isomer (H20, 8, 9, 10, 100) was
aided by the presence of exchange cross peaks between these
protons and the corresponding proton from the TTC isomers
that were definitively assigned. From integration of the 200ms
NOESY/EXSY spectrum at 193 K, the exchange rate is cal-
culated to be 0.012 ( 0.002 s-1 for TTC to CTC and 0.49 (
0.10 s-1 for the reverse CTC to TTC process (consistent with
the equilibrium TTC:CTC ratio). This corresponds to a free
energy of activation barrier, ΔGq

193K of 53.7 ( 0.3 kJ mol-1

for the TTC to CTC process. The activation barriers are
calculated using the Eyring equation with the usual assump-
tion that the transmission coefficient κ is equal to unity, i.e.,
ΔGq=RT(23.759- ln(k/T)), whereR is the gas constant. The
other two peaks in the H20 region at δ 10.011 and 10.014 are
likely due to the photoproducts of similar impurities present in
the starting spirooxazine and not the TTT or CTT isomers;

these isomers would be expected to show large NOE/ROE to
H100 which was not observed and the chemical shifts of these
protons are consistent with being close to the carbonyl moiety
as is observed in the TTC and CTC isomers.

Isomers of SOX-PDMS. Analysis of ROESY data indi-
cates that the predominant isomeric configuration is the
same as determined in the SOX-PEG analysis where the
stereoisomer TTC is clearly observed. This is confirmed
primarily by the strong ROEs between H-100 with the gem
methyls H-8,9 and H-20 with 10. There is clear evidence of a
second open form isomer, in slow exchange with the main
isomer at 228 K. For example, methyl groups 8 and 9 at δ
1.82 show a clear exchange peak in the ROESY spectra with
a species at δ 1.53. Similar exchange cross peaks can be seen
formethyl 10 and protons 20 and 100. The pattern of chemical
shifts observed for theminor isomer is essentially identical to
that seen in the case of SOX-PEG merocyanine, indicating
the minor species is the CTC isomer. The CTC isomer has
38( 5 times lower intensity than the main isomer. In typical
samples, the CTC isomer converts back to the main TTC
isomer at an estimated rate of 26 ( 8 s-1 at 228 K based on
increased line widths compared with the main isomer.
This gives estimates that the second isomer is ca. 6.9 (
0.3 kJ mol-1 higher in energy than the major isomer and
that the free energy of activation for the process of inter-
conversion of the two isomers, ΔGq

228K for TTC f CTC, is
56.0 ( 0.7 kJ mol-1.

Isomers and Isomerization of a Model Spirooxazine. Pre-
vious investigations have calculated the relative energies and
the energy barrier to interconversion of neutral TTC and
CTC merocyanine molecules.14,21 Of most direct relevance,
Horri and co-workers21 calculated that the TTC isomer was
more stable than the CTC isomer by 6.6 kJ mol-1 in the gas
phase and 6.6 kJ mol-1 in acetone and that the activation
barrier for the TTCf CTC process is 127.2 kJ mol-1 in the
gas phase and 98.9 kJ mol-1 in acetone at the B3LYP/6-
31G(d,p) level of theory.While the difference in energy of the
observed isomers correlates very well with the experimen-
tally observed values (6.0 and 6.9 kJ mol-1 for PEG- and
SOX-PDMS, respectively), the calculated barrier is signifi-
cantly higher than the barriers observed experimentally for
the TTC f CTC process (53.7 and 56.0 kJ mol-1 for PEG-
and SOX-PDMS, respectively),

To further investigate the nature of the discrepancy be-
tween the experimental and calculated barrier to the rotation
about the CdC bond that results in the interconversion of
the TTC and CTC isomers, the quantum chemical calcula-
tions were first investigated in greater depth. In the interests
of computational manageability, the side chains were
omitted and isomers of the base SOX merocyanine com-
pounds (1m, X = H) were studied.

Similar calculations to those of Horri21 were performed
with higher levels of theory (Table S1, Supporting Infor-
mation), specifically B3LYP/6-311þG(2d,p)//B3LYP/6-
311G(d,p) (method 2) and MP2/6-311þG(2d,p)// B3LYP/
6-311G(d,p) (method 3). It was calculated that the TTC
isomer is lower in energy by 6.0 kJ mol-1 (method 2) in the
gas phase compared to the CTC isomer and the activation
barrier for the TTC f CTC process is 111.0 kJ mol-1

(method 2) in the gas phase. In acetone polarization con-
tinuum model (PCM) solvent, the activation barrier for the
TTCfCTCprocess is calculated to be 71.6 or 67.3 kJmol-1

FIGURE 1. Selected expansions of 200 ms ROESY spectrum of
SOX-PEG (3) after photolysis at 193K. Low intensity peaks used to
identify the CTC isomer of 3m are highlighted.
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usingmethod 2 andmethod 3, respectively. Employment of an
even larger basis set did not reduce the TTC to CTC barrier
further, this barrier being calculated to be 72.2 kJ mol-1 at the
B3LYP/6-311þG(3df,2dp)//B3LYP/6-311G(d,p) level in ace-
tone solvent. While the inclusion of vibrational corrections,
larger basis sets, and polar solvents lower the calculated energy
barrier for the TTC f CTC process, the calculated energy
barrier is still too high to be consistent with the rate of the ob-
served exchange process. The expected rate for the TTC f
CTC process based on the calculated energy barrier of 71.6 kJ
mol-1 would be 1.7� 10-7 s-1 at 193 K and∼4� 10-4 s-1 at
233 K, rates that would not be observable in the NMR
experiments employed at these two temperatures.

These calculations raise two possibilities. The first is that the
computational methods employed are significantly overesti-
mating the barrier to interconversion of TTC to CTC forms
(72 kJmol-1 calculated vs 53.7 to 56.0 kJmol-1 observed) and
that more complex methods (e.g., multireference methods,
treatment of the complete rather than model molecules, ex-
plicit solvent molecules, etc.) may provide closer agreement.
The second possibility is that a different path is being followed
and the possibility that the TTC to CTC interconversion is
catalyzed is explored below.

The possibility of trace amounts acid being a catalyst were
examined experimentally. FurtherNMRexperiments onmodel
compoundswithout a longoligomeric attachment atC200, speci-
fically, 4m that has X= proprionyl (Table 1), were conducted.
A control experiment was performed in which the sample was
prepared in d6-acetone (freshly opened) and then photolyzed
at 198K in the spectrometer. A similar mixture of primarily the
TTC isomer and 52 ( 8 times smaller amount of the CTC
isomer was identified in the NMR spectra. From the 2D
NOESY/EXSY (exchange) spectrum, the rate for the TTC f
CTC process was found to be 0.11 s-1 at 198 K (Figure 2).

Repeating the experiment on a sample identical to the
control to which traces of acid (1 μL, 0.01 M aqueous HCl)
had been added resulted in clear line broadening for all of the
peaks due to the merocyanine forms produced after photo-
lysis (Figure 3).

The CTC isomer converts back to the main TTC isomer at
an estimated rate of 108( 12 s-1 at 198Kbased on increased
line widths compared with the main isomer, implying the
TTCfCTC rate is 2.1( 0.3 s-1, around 20 times faster than
before the acid was added. A third sample, identical to the
first except with the addition of 1 μL of 0.01 M aqueous
NaOH, produced merocyanine forms with sharp peaks
postphotolysis and an exchange rate extracted from the
EXSY spectrum for the TTC f CTC process of 0.086 s-1,
slightly reduced from the value observed in the unadulter-
ated control sample. Clearly then, the process can be cata-
lyzed by acid.

The acid-catalysis process was also investigated by com-
putational methods. The protonated form of merocyanine is
well described because of the documented acidochromism
observed in this class of compounds, addition of acid to the
closed spirooxazine form leading directly to the protonated
merocyanine form (Scheme 2)26

Protonation of the neutral merocyanine form results in
protonation at the oxygen in the merocyanine structure, and
a pKa value of 4.00 ( 0.05 for the protonated merocyanine

FIGURE 2. Expansionof 100msNOESY spectrumof SOX-Prop (4)
after photolysis at 198 K showing exchange peaks between the TTC
isomer (off scale) and corresponding peaks in the CTC isomer of 4m.

FIGURE 3. 1H NMR spectra of SOX-Prop (4) with various addi-
tives after photolysis at 198 K. Samples contain a mixture of the
merocyanine form (4m) and spirooxazine form (4s) of SOX-Prop at
198 K. Bottom: no additive. Middle: 1 μL of 0.01 M NaOH added.
Top: 1 μL of 0.01 M HCl added. Peaks due to the CTC isomer are
visibly broadened in the top spectrum. The off-scale peaks are from
the more abundant TTC isomer of 4m, nonphotolyzed spiro form
(4s), and solvent (acetone). Lower intensity sharp peaks that do not
broaden on addition of acid either are due to impurities or are 13C
satellites of the abundant species.

SCHEME 2. Acidochromism of Spirooxazine

(26) Kol’tsova, L. S.; Zaichenko, N. L.; Shiyonok, A. I.; Marevtsev, V. S.
Russ. Chem. Bull., Int. Ed. 2001, 50, 1214.



J. Org. Chem. Vol. 75, No. 9, 2010 2857

Yee et al. JOCArticle

form has been measured.27 Calculations at the (method 2)
level of theory confirmed this, protonation at oxygen being
28 and 112 kJ mol-1 lower in energy than protonation at the
imine (N10) and indole (N1) nitrogens, respectively.28

After protonation at oxygen, calculations now suggest
that the TTC isomer is now lower in energy by 2.2 or 4.1 kJ
mol-1 and the activation barrier for isomerization from
TTCfCTC is 37or 30.6 kJ mol-1 (methods 2 and 3, respec-
tively). Inclusion of acetone solvent has little effect, the
activation barrier for TTC f CTC calculated to be 32.6 kJ
mol-1 (method 2) or 26.4 kJ mol-1 (method 3).

Protonation in essence removes the resonance form in
which there is a formal double bond between C2 and C20,
lowering the bond order between these two atoms and
making rotation around this bond feasible even at low
temperatures (Scheme 3).

The low energy barrier of 32.6 kJ mol-1 for a protonated
isomer would correspond to a rate of 10350 s-1 at 198 K.
Hence only a small fraction of the sample needs to be in the
protonated form to explain the observed interconversion
rate (2.1 s-1) of the two isomers. Given the pKa value of 4.00
measured previously27 and the concentration of acid present
(ca. 1.67 � 10-5 M29), a sufficient concentration of the
protonated form would be expected under these conditions
that could account for the observed rate. The moderate
basicity of the neutral merocyanine form, revealed by this
pKa value, indicates that small, pH-dependent equilibrium
amounts of the protonated form will be present and capable
of causing exchange between the isomers even at neutral or
higher pH. Rigorous removal of acidic protons, including
water, would therefore be required to observe different
merocyanine isomers using NMR at higher temperatures,
and the likelihood that spectra observed would be of
weighted averages of different isomers in fast exchange
should be borne in mind.

Oligomeric Interactions to Host Spirooxazine. The initial
aim of the NMR investigations was to elucidate spatial
interactions between the oligomer side chain and photochro-
mic core of the molecule in both spirooxazine and merocya-
nine forms of the molecule. Because of the instability of the
photogenerated merocyanine form, NMR experiments on
these compounds were performed at temperatures between
193 and 233 K to allow sufficient lifetime for their character-
ization. Observation and quantification ofNOE interactions
were expected to form the basis of outlining the interaction of
the photochromic core and the oligomeric attachment. In
general, rotating frame based experiments (ROESY) were

favored over laboratory frame NOE experiments (NOESY)
to avoid problems that could have occurred as a result of
operating under conditions where NOEs would be close to
zero intensity at intermediate correlation times. These condi-
tions of near zero laboratory frame NOE were likely to occur
in some of the temperature ranges below room temperature
that were required to stabilize the photogenerated merocya-
nine forms of the compound, since NOEs were observed to be
positive at room temperature and negative at 193K. Problems
with differentiating spin diffusion cross peakswere also greatly
attenuated by employing ROESY experiments.

NMR Evidence for Interaction between the Spirooxazine

and Attached PEG Oligomer. In comparing analyses per-
formed on SOX-PEG versus SOX-PDMS, the PEG oligo-
mer interaction with spirooxazine host provided the most
conclusively clear NMR spectra (Figure 4). The PEG oligo-
mer and the diester linker have greater (in quantity) variation
in chemical shifts in the 1H NMR spectrum for the different
CH2 groups along the PEG side chain that are further along
the oligomeric chain from the point of attachment to the
merocyanine structure.

In the SOX-PEG (spirooxazine) form, the central portion
(800-1600) of the PEG side chain shows ROEs to the majority
of the peaks in the aromatic region of the entire spirooxazine
form (Figure 5, middle trace). The ROEs are larger to the
protons in the naphthylene side of themolecule and largest to

SCHEME 3. TTC to CTC Isomerization in Protonated Mer-

ocyanine

FIGURE 4. Region of 1H spectrum containing resonances from
PEG side chain of SOX-PEG (2s) in acetone at 193 K.

FIGURE 5. Aromatic region of 500 MHz 1H spectrum of SOX-
PEG (2s) in acetone at 193 K (bottom) with traces from 200 ms
ROESY through the diagonal peaks of the PEG side chain, 80 0-160 0
(middle) and 50 0 (top).

(27) Rys, P.; Weber, R.; Wu, Q. Can. J. Chem. 1993, 71, 1828.
(28) The CTC isomer is the lowest energy isomer in the case of proton-

ation of the indoline nitrogen.
(29) One milliliter of 0.01MHCl in∼600 mL of acetone. The concentra-

tion of acid assumes the d6-acetone was neither acidic or basic initially and
was not buffered and so is approximate.
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the two protons on the aromatic ring adjacent to the sub-
stitution site, namely, those at 80 and 100. This indicates that
the PEG side chain spends slightly more time, on average,
closer to the naphthylene side of the molecule in this case.
Importantly, because of the 1/r6 dependence on internuclear
distance of cross peak intensities, a decrease by a factor of 4
in terms of intensity translates to an increase in internuclear
separation by a factor of only 1.26. The firstmethylene group
in the PEG side chain after the linker, 500, shows a more
selective pattern of ROEs. The largest are to the protons
adjacent to the attachment point 80 and 100, and there is a
suggestion of a small ROE to 50.

In the SOX-PEG (merocyanine) form, inspection of Fig-
ure 6 shows that specific ROEs that are much more intense
than expected are observed between protons 500 and 4 and
also between protons 500 and 8,9, indicative of a significant
preference for conformations that brings these parts of the
molecule into close proximity.

Comparing the ROE cross peak intensity from 500 to 4 with
that from themethyl groups 8 and 9 to 4 (fixed distance) it can
be calculated that theNOE from 500 to 4 is equivalent to the 500

protons being fixed at a distance of 4.5 Å away from H4.
This is based on assuming an average distance of 3.51 Å
from the sixmethyl hydrogens of 8 and9 toH4, obtained from
theDFTmodel and using the usual 1/r6 relationship to obtain
the relative distances from H4. This is not meant to be taken
as a meaningful distance per se. The PEG side chain is
undoubtedly highly flexible, causing very large fluctuations
of specific side chain-core internuclear distances such as
H4-H500. This unexpectedly large ROE does indicate that
there must be a relatively strong conformational preference
for locating H500 around 3.5-5 Å away from H4 for a
significant proportion of the time. Rudimentary conforma-
tional searches using molecular dynamics simulations sup-
port this hypothesis. Given the relatively large separation
these two moieties could have (>10 Å), this is a notable
interaction.

The possibility that theROEpeaks observed in the spectra
are due to intermolecular contacts between two or more
associatedmolecules was investigated.Most notably, ROEs/
NOEs between the oligomeric side chain and the spiroox-
azine core of the molecules did not decrease when a sample

dilution of a factor of 3.5 to 5 was employed, consistent with
the ROEs being intramolecular.

Propyl SOX and PEG Mixture. In comparison with the
covalently attached PEG, only very weak, nonspecific ROEs
from the resonances in the center of the PEG chain tomost of
the aromatic protons of the spirooxazine were observed. The
ROEs are a factor of approximately 5-10 times less intense
than those observed when the PEG chain is covalently
attached in both spirooxazine and merocyanine forms, in-
dicative of less interaction between the two moieties.

NMR Evidence for Interaction between the Spirooxazine

and Attached PDMS Oligomer. Analysis of spectra in the
spirooxazine form is significantly hampered in the case of
PDMS side chains due to overlap of resonances (Figure 7).
There is generally less separation of chemical shifts in the
alkyl portion of the side chain remote from the aromatic core
due to fewer functional groups along the side chain. The
alkyl region is also overlapped with resonances from methyl
groups 8 and 9. Any specific interaction, such as that found
between the side chain and H4 seen in the merocyanine form
with a PEG side chain is therefore masked by a large ROEs
from 8,9 to 4 in the 2D spectra.

The ROESY spectra show weak ROEs from the siloxane
methyl groups to all aromatics with little selectivity, indica-
tive of general but nonspecific interactions between the
siloxane chain and the aromatic core. Diluting the sample
by a factor of 5 did not appear to change the pattern ofROEs
significantly, although some of the smaller ROEs from the
siloxane methyl groups to the aromatic protons lacked
sufficient signal-to-noise to be observed after dilution.

Analogous to the case of themerocyanine formwith a PEG
side chain, an unexpectedly largeROE from the alkyl protons
of the PDMS side chain (500 to 1000) to the aromatic protonH4
is observed, along with a similar sized ROE between the alkyl
chain and methyls 8,9. The later resonances (8,9) are not
overlapped in the open form.Because of the increased overlap
in theNMRspectra in the side chain of the PDMS form, these
ROEs could not be attributed to a specific CH2 group in
the alkyl chain, e.g., H600. Using the same method applied in
the case of themerocyanine-PEG compound, comparing the
ROEcross peak intensity from the alkyl protons to 4with that
from the methyl groups 8 and 9 to 4 it is calculated that the
NOE from the alkyl chain to 4 is equivalent to 6 protons at
distance of 5.1 Å or 2 protons at a distance of 4.2 Å. Again,
these numbers are not to be interpreted as true distances, but
they provide a pointer to a specific interaction between the
alkyl portion of the side chain with the H4, 8,9 region of the
molecule and a significantly populated conformation that

FIGURE 6. ROE slice of SOX-PEG (2m). Top: slice through
proton 50 0 of the PEG chain; observable are the through space
interactions to gemmethyl groups 8 and 9, along with H in position
4 of the indoline side of the SOX. Middle: photolysis product only,
having mathematically subtracted all spirooxazine peaks. Bottom:
actual mixture of both spirooxazine and merocyanine forms.

FIGURE 7. 1H spectrum of closed SOX-PDMS (3s) at 233 K in d6-
acetone showing region of spectrum containing resonances from
alkyl portion of the side chain (40 0-100 0) and overlapped CH3

groups.
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gives rise to this. As with the spirooxazine form, ROEs from
the siloxanemethyl groups to all aromatics are observedwith
little selectivity and dilution did not change the pattern of
ROEs significantly.

Propyl SOX and PDMSMixture. In contrast to the SOX-
Prop and PEGmixture, no ROEs from free oligosiloxane to
the photochromic molecule were visible in either spirooxa-
zine or merocyanine forms. It appears that covalent attach-
ment of the PDMS is essential for significant interaction of
these two moieties to occur.

Conclusions

The domination of stereoisomer TTC and secondary CTC
is independent of a covalently attached PEG or PDMS
oligomer side chain to the naphthylene portion of the
spirooxazine host. The rate of interconversion of the TTC
and CTC isomers is more rapid than is predicted by compu-
tational methods, and one likely explanation is that it is the
protonated, positively charged varieties of these species that
facilitate the more rapid interconversion of the TTC and
CTC isomer. At higher temperatures or in the presence of
trace acid, NMR spectra of these systems are likely to reflect
the presence of a weighted average of TTC and CTC isomers
in rapid exchange rather than the separate species.

ROESY NMR coupled with a UV light source has pro-
vided a means of confirming the specific interactions be-
tween an attached oligomer side chain and a spirooxazine
host. This interaction is at least 5 times greater in intensity
compared to a similar system but with the oligomer side
chain unattached and independent of the spirooxazine mo-
lecule. This is encouraging evidence for the influence an
attached oligomeric chain has over the spirooxazine host
and howa specific nanoenvironment could conceivably form
in molecules of this nature. When the dye-polymer con-
jugate is confined within a rigid matrix rather than a solu-
tion, then one would expect increased localization of the
oligmer, particular a PDMS oligomer, around or close to the
dye. This rationalizes the large switching speed increase of
PDMS-spirooxazines in rigid polymer matrices in compar-
ison to the spirooxazine alone.

Experimental Section

Poly(ethylene glycol) functionalized spirooxazine, 99%
(SOX-PEG) (2s); poly(dimethylsiloxane) functionalized spir-
ooxazine, 99% (SOX-PDMS) (3s); and proprionyl spirooxa-
zine, 99% (SOX-Prop) (4s) were synthesized as described
previously.12 Poly(ethylene glycol) 99%, Mw ca. 250 (PEG)
and poly(dimethylsiloxane) 5.0 cSt, 99% (PDMS) were ob-
tained commercially and used as supplied. Perdeuterated acet-
one (d6-acetone) was used as supplied.

NMR spectra were recorded on 500 and 600 MHz spectro-
meters fitted with 1H-31P-BB triple resonance broadband in-
verse Z gradient and 1H-13C-15N triple resonance inverse XYZ
gradient probes, respectively. Temperature control was main-
tained using a standard variable temperature unit employing a
liquid nitrogen evaporator to achieve the temperatures of
193-233 K. 1H and 13C peak assignments for SOX-PEG and
SOX-PDMS were completed by performing 1H, 13C, and stan-
dard gradientDQF-COSY,HMBC, andHSQCexperiments for
each molecule.

ROESY and NOESY type two-dimensional experiments
were used to elucidate through space interactions. The mixing

time in the ROESY experiments was maintained at 200 ms
at 193 K (500 MHz) and 250 ms at 228-233 K (600 MHz).
For semiquantitative work involving extraction of internu-
clear distances, a compensated ROESY experiment was
employed.30

UV irradiation was performed using a mercury arc lamp, and
the setup has been previously described.31 In brief, irradiation
was achieved using a 100 W mercury arc lamp, coupled via
condenser to an optical fiber. Focus andmirror were optimized,
and 200-240mWof power around 455 nmwasmeasured at the
sample end of a 7 m, 1500 μm core, nonsolarizing UV transmit-
ting fiber (Ceramoptec P/N SMA1P/UV1500/1600N-NS/
7.0M). It was assumed that the output at lower wavelengths
(<400 nm) was roughly proportional to the output of the lamp
at 455 nm.

NMR solutions of spirooxazine compounds in d6-acetone
were typically prepared with a concentration of 22 ( 1 mM at
ambient temperature. The samples of SOX-PEG and SOX-
PDMS were also reinvestigated later after dilution by a factor
of 3.5 to 5 to permit examination of any changes in NOE/ROE
relative intensities. Samples were frozen in liquid nitrogen with-
in septa-sealed NMR tubes and placed under a vacuum, and the
sample was isolated and allowed to thaw in an effort to remove
entrained oxygen within the sample that could interfere by
causing oxidation while under UV irradiation. Nitrogen was
then pumped into the headspace above the solution prior to
NMRanalysis. This deoxygenation procedurewas performed in
duplicate. The fiber optic was placed through the septa, and the
tip was located approximately 2 mm above the surface of the
solution. TheNMRprobe containing sample was then cooled to
the appropriate temperature. Spectra were collected before,
during, and after photoirradiation of the sample.

While the 600 MHz instrument was preferred for these
studies, a lower operating limit of 223 K for the probe on the
600 MHz instrument precluded its use at temperatures below
this. SOX-PDMSwas studied at a higher temperature (228-233
K) to prevent precipitation of the compound, which occurred at
temperatures below this.

Quantum Chemical Calculations. Calculations were per-
formed using the Gaussian03 (rev. E) software package32 run-
ning on quad/dual core linux workstations. Geometries were
optimized at the B3LYP/6-311G(d,p) level (method 1) in va-
cuum and also in acetone solvent using the default polarization
continuum model implemented in Gaussian03. Single point
energies were then calculated employing these geometries using
B3LYP/6-311þG(2d,p) or MP2/6-311þG(2d,p). All minimum
energy structures were calculated without any symmetry con-
straints and were confirmed to be minima by calculating their
normal vibrations within the harmonic approximation and
observing that there were no imaginary frequencies. Transition
structureswere calculated using the SynchronousTransit-Guided

(30) Griesinger, C.; Ernst, R. R. J. Magn. Reson. 1987, 75, 261.
(31) Geftakis, S.; Ball, G. E. J. Am. Chem. Soc. 1998, 120, 9953.
(32) Gaussian 03, Revision E.01; Frisch, M. J.; Trucks, G. W.; Schlegel,

H.B.; Scuseria,G.E.;Robb,M.A.;Cheeseman, J.R.;Montgomery, Jr., J.A.;
Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.;
Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.;
Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda,
R.;Hasegawa, J.; Ishida,M.;Nakajima, T.;Honda,Y.;Kitao,O.;Nakai,H.;
Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.;
Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.;
Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski,
V. G.; Dapprich, S.; Daniels, A.D.; Strain,M. C.; Farkas, O.;Malick, D.K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.;
Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith,
T.; Al-Laham,M.A.; Peng, C. Y.; Nanayakkara, A.; Challacombe,M.; Gill,
P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
Gaussian, Inc.: Wallingford CT, 2004.



2860 J. Org. Chem. Vol. 75, No. 9, 2010

JOCArticle Yee et al.

Quasi-Newton method (opt=qst3 keyword), and calculation of
the vibrational frequencies confirmed them to contain just one
imaginary frequency corresponding tomotion along the reaction
coordinate for isomerization. Energies quoted include correction
for zero-point vibrational energy. The B3LYP andMP2 energies
are corrected using the zero point energies from the B3LYP/
6-311G(d,p) calculations. The calculations employed the stan-
dard optimization and SCF convergence criteria and the default
grid implemented in the Gaussian03 software. Energies and
coordinates of the calculated structures are given in Supporting
Information.
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