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ABSTRACT
In reexamining medium effects on photochemical reactions, we
have emphasized those on unequilibrated excited species such as
the Franck-Condon species. Despite recent advances in fem-
tochemistry, such a discussion in molecular photochemistry is
uncommon, and the problem remains challenging on account of
the extremely short-lived excited species. However, in such cases,
a small perturbation resulting from, for example, weak guest-host
interactions could turn into a determining factor in dictating the
course of a photochemical channel of deactivation. Examples of
medium-directed diabatic processes have been examined with this
idea in mind. A modified view on rhodopsin photoisomerization
is presented along with the consideration that confinement does
not necessarily lead to inhibition of reactions of the trapped
substrate.

Introduction
Recently in providing a general perspective on photo-
chemical reactivity, we categorized photochemical reac-
tions into two groups, those from equilibrated excited
molecules and those from short-lived unequilibrated
molecules.1 We used examples of alkenes and polyenes
and showed that their photoisomerization reactivity could
fall into either of the two groups.

By its nature, the first group should have reactive
species with longer lifetimes, usually in nanoseconds or
microseconds. Hence this reactivity should be relatively
insensitive to minor environmental perturbation. On the
other hand, for the short-lived vibrationally excited spe-
cies, it became obvious to us that the environment could
play an important role in dictating the course of photo-
physical and photochemical relaxation processes. Since
medium or host effects (sometime referred to as su-
pramolecular effects) are topics of current general inter-
est,2 we would like to examine a few general features of
medium effects in organic photochemistry, paying par-
ticular attention to their possible roles on excited state
species, particularly the short-lived unequilibrated excited
species.

Much has been written describing how host or medium
effects can alter the nature or product ratio of photo-

chemical reactions.2 A close examination revealed that
many of the reported examples were results of altered
ground-state properties of the nascent primary photo-
products. Yet there are also other reactions where the
medium effects are primarily on the excited-state species.
In the following, we illustrate with examples that fall into
these two types, paying more attention to those on the
excited species. Our discussion will be limited mostly to
examples studied in condensed media.

Medium Effects on Photochemical Reactions
Medium Effects on Ground-State Photoproducts. Pho-
tochemical reactions are kinetically controlled reactions
that often allow formation of strained molecules otherwise
not accessible via thermal reactions. The well-known early
examples were bicyclobutane,3 quadricyclane,4 and strained
trans-cycloalkenes.5 More recent spectacular examples
that involved ingenious ways of trapping unstable pho-
toproducts are cyclobutadiene,6 pentalene,7 and benzyne8

in argon matrix or in Cram’s molecular containers (the
hemicarcerands).

The conditions that made formation of these strained
systems possible are more than low temperature for
stabilizing photoproducts. The rigid medium employed
also provided the necessary inert, restricted environment
to stop any bimolecular processes that could lead to
degradation of the products. The latter includes dimer-
ization (e.g., for cyclobutadiene and pentalene) or reaction
with other molecules (e.g., nucleophilic additions to
benzyne or electrophilic addition to trans-cycloalkenes).
Clearly, for these host-enhanced photoproducts, the me-
dium effects were not on altered photochemical reactivity.
The medium provided an environment to stabilize the
primary products. In this regard, a myriad of other
photochemical studies carried out under argon matrix or
other inert host conditions (including direct observation
of carbenes, nitrenes, and free radicals)9 are all examples
of ground-state stabilization of primary photoproducts.

Several other often cited cases of medium-directed
photochemical reactions4 fall into the same category. For
example, photochemical decarbonylation of unsymmetri-
cal dibenzyl ketone 1 in solution gives random radical

coupled products, but in micelles, it gives only the “in-
cage” unsymmetrical, coupled product.10 This medium
control on radical recombination reaction is not much
different from the well-established cage effects in thermal
or photochemical decomposition of peroxides or azo-
compounds,11 albeit the new observation involved the
clever use of a reaction condition that suppressed diffu-
sion of radicals completely.
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Another example is the reduction of the complex
product mixtures (8) from photo-Fries rearrangement of
the ester 2 in solution. The single product, obtained from

irradiation in zeolite-Y, derived from coupling of free
radicals produced in the immediate vicinity.12 And, the
“latent photochemical property” of the ketone 313 in the

crystalline state giving the cyclopropyl product is also the
consequence of medium control of the initially formed
intermediate. Restricted conformational equilibration of
the diradical intermediate by the rigid crystalline medium
excluded possible formation of the ring-addition prod-
uct.13

Medium Effects on Excited-State Species. Some of the
medium effects acting directly on excited species have
been amply described in the literature although usually
discussed in a different context. Hence, solvent polarity
has been used for controlling relative energies of the n,π*
and π,π* states thereby controlling, for example, the ease
of H-abstraction by excited ketones.14 External heavy atom
effects can perturb relative contributions of the excited
singlet and triplet states of the photochemistry and
photophysical decay of excited molecules.15 And selective
dimerization of olefinic bonds forced to lie in close
proximity in crystals was first elegantly demonstrated by
Schmidt.16 These well-documented effects on relaxed
excited species will not be reviewed in this Account.

Many unimolecular photochemical reactions are now
known to cross directly from the excited singlet state
potential surface of the reactant to the ground-state
surface of the product (diabatic processes).17 Such chemi-
cal transformations involve very short-lived intermediates,
for example, either the Franck-Condon species or some-
thing close to it. The reactions must, therefore, be
extremely rapid, competitive with the very fast intra-
molecular vibrational redistribution (IVR) processes (10-
100 fs).18 (The latter is much faster than vibrational energy
transfer to the medium (1-10 ps)).19

Fragmentation was the first type of ultrafast photo-
chemical reaction of which the primary process was
investigated by femtosecond time-resolved spectroscopy
(e.g., dissociation of I-CN20 and I2

21 and dehalogenation
of 1,3-dibromopropane22). In the case of iodine in an
argon matrix, it was shown that the wave packet from
stimulated emission of the dissociating excited iodine

differed dramatically from that of the isolated excited
iodine. The method even allowed the detection of nascent
iodine atoms recoiling from collision with the host.21

Photoisomerization brought by direct irradiation23 is
another ultrafast reaction. Starting from Franck-Condon
trans and cis excited species, the excited potential curves
are lowered through double bond twisting until they reach
the perpendicular structure, which touches the ground-
state potential curve. The rate of decay from either side
of the excited-state potential curve is very rapid, for
example, ∼300 fs for the nearly barrierless decay of cis-
stilbene.24 Hence, such processes are very sensitive to
external perturbation such as solvent viscosity. In stilbene,
viscosity-dependent barriers are present on potential
curves of both isomers.25 Quantum yields of fluorescence
increase upon increase of solvent viscosity until they reach
maximum values in frozen solutions. Proportionately, the
isomerization yield decreases. The Kramer equation re-
lates fluorescence lifetime with frictional force exerted by
the medium (solvent viscosity) on the torsional relaxation
process of the excited trans-stilbene.25 Volume demand
was shown to affect regioselectivity of photoisomerization
of vitamin A derivatives.26 All these observations recognize
the importance of medium effects on torsional relaxation
of the excited species.

Medium also affects mechanisms of photoisomeriza-
tion. While the trans to cis isomerization of 1,2-diaryleth-
ylenes is completely stopped in frozen solution, the
efficiency of the cis to trans photoisomerization is often-
times moderately high in rigid organic glasses.27 It has
been noted that the retained photoreactivity of the cis
isomer is likely due to the revelation of a dormant
mechanistic process that becomes observable when the
more favored mechanism in solution is blocked by the
rigid medium.28 The new dormant mechanism is the
volume-conserving hula-twist (HT) process and the fa-
vored process in solution is the one-bond-flip (OBF)
process or the commonly accepted torsional relaxation
(see Figure 1 for o,o′-dimethyl-cis-stilbene, 4).29 The
unique consequence of this medium effect has prompted
consideration of other forms of constraints in inhibiting
the OBF process. Possible examples are dipolar solvent-
solute interactions in perturbing fluorescence of cyanine
dyes,29,30 internal H-bonding in affecting bilirubin photo-

FIGURE 1. One-bond-flip (OBF, top) and Hula-twist (HT, bottom)
motions of a simple diarylethylene, o,o-dimethyl-cis-stilbene, 4.
Changing color denotes reversing sides of that portion of the
molecule. The cartoon figures describe pictorially the turning over
of the “body parts” during the two transformations.
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chemistry,29,31 and the sheer bulk effect in photoisomer-
ization of stilbene dendrimers.32

Hula twist involves simultaneous isomerization of a
pair of adjacent single and double bonds. Its manifestation
is most readily demonstrated through irradiation of
compounds with distinguishable conformers under con-
ditions where thermal equilibration of conformers is
impeded. Thus, for the symmetrically substituted styrenes
(5), the observed photochemical change is only consistent
with involvement of the HT mechanism.33

A general picture that has emerged from recent theo-
retical studies of the excited singlet state of butadiene is
that the initially excited species funnels through a conical
intersection of a triply orthogonal tetraradicaloid 6.34 From

there it leads to electrocyclization, ring closure to a
methylenecyclopropane intermediate, and configurational
(if observable) or conformational isomerization. However,
for a simple diene trapped in an argon matrix28,35 or a
larger diene 7 in EPA glass,36 only the volume-conserving
HT process was observed giving a new conformer.

For properly substituted stilbenes (e.g., 4 and related
analogues) simultaneous configurational and conforma-
tional isomerization when irradiated in an organic glass
at liquid nitrogen temperature is consistent only with
HT.37 In contrast, only configurational isomerization (i.e.,
OBF) was detected when these compounds were irradi-
ated in solution. However, there is also the view that HT
might be happening to all photoisomerizations regardless
of the nature of the medium. In solution, rapid dis-
appearance of the unstable s-cis conformers would
hamper their detection.24

That the cis isomers of 1,2-diarylethylenes hula twist
easily in the glass while the trans isomers do not27,37 is
likely due to the different local empty space available for
reaction. The planar trans should be more conformation-
ally homogeneous (fine structures in the absorption
spectra), suggesting possibly a better organized, more
tightly interacting, solvent cage that prevents execution
of even the volume-conserving HT. cis-Stilbene is non-

planar, which should lead to a less closely interacting
solvent cage, providing the necessary room for isomer-
ization. Thus, HT is the result of a medium-controlled
photochemical reactivity. In agreement, the nonplanar
E-isomer of 8 is also reactive at low temperature.37

The case of detection of the dormant HT after sup-
pression of the more likely OBF finds analogy in other
confined chromophores. For instance, for compound 9,38

solution irradiation led to exclusive formation of di-π-
methane rearranged products.39 In the crystalline state, a
2 + 2 cycloaddition product was formed instead. Thus,
the medium has a profound effect on the chemical
reactivity of these short-lived excited species (at 77 K,
averaging in the nanosecond region.)40

Medium effects can reveal themselves in a different
way. Enantioselective di-π-methane rearrangement39 of 10

in crystals41 seems to be controlled by a preferential
vibration mode of the excited species that initiates a
preferred mode of 1,3-bonding in the primary photo-
chemical step.

Symmetry-correlated reactions brought about by light
are another form of rapid adiabatic reactions,34 where
there is no excited intermediate and its excited state
lifetimes are short (e.g., 44 and 18 fs for, respectively, the
1Bu and 2Ag excited states of butadiene).42 Expectedly, such
reactions are sensitive to medium perturbation. For
example, the relative amounts of cyclobutene and bicy-
clobutane formed by irradiating butadiene vary with
solvent.3 And in argon matrix (at 10 K), cyclobutene and
bicyclobutane formation disappeared altogether, leaving
only conformational equilibration.35

External perturbation is also reflected in torquoselec-
tivity in diene 4e- electrocyclizations.43 The chiral alkoxy
tropolone 1144 gave a mixture of the bicyclo [3.2.0]
products (from two disrotatory modes of ring closure) with
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no apparent enantioselectivity. However, when 11 was
“stuffed” into a zeolite, a diastereomeric enrichment in
excess of 52% was achieved. Clearly in a likely forced
coiled conformation of the side chain in the zeolite cavity,
the relative ease of the two possible modes of electrocy-
clization (the torquoselectivity) becomes evident. This
indirect medium effect demonstrates clearly the sensitive
nature of the excited-state chemical reactivity of the
chromophore.

Does Confinement Necessarily Mean More
Steric Inhibition?
Confinement of substrates obviously results in the loss of
freedom of diffusion. However, it is also important to
recognize that confinement does not mean increased
steric inhibition of all motions exerted by the host
molecule onto the substrate. In fact, in some cases
confinement could mean less restriction of some motions
(hence possibly increased reactivity) than in common
solvents.

Consider a zeolite with a cavity of the dimension of
less than twice the size of a substrate. When the cavity is
“filled” with such a substrate, by necessity it leaves an
empty space of considerable size (or filled with the smaller
solvent molecules if available). On the other hand, in
solution, such a substrate is constantly surrounded by
solvent molecules. Thus, we have the interesting scenario
that a rigid host could have less of an inhibitory effect on
some excited-state processes of the substrate than the
solvent molecules. It follows that the amorphous medium
of organic glass is likely to have closer interactions
between the substrate and the host molecules much more
so than in organized media, such as crystals, zeolites, and
proteins. In latter cases, the binding cavities are main-
tained by the rigid “scaffolding” for each case.

For example, photostationary state values in cis/trans
isomerization can be measured accurately. For stilbene
trapped in a zeolite (NaY/hexane), such values are identi-
cal to those obtained in the uninhibited medium hexane.45

Hence, the host effect on excited stilbene is negligible. In
contrast, trans-stilbene in â-cyclodextrin gives a smaller
amount of the cis isomer.46 Its excited-state decay con-
stants were also found to vary with the size of the
cyclodextrin.47 On the other hand, no cis isomer was
detected in an organic glass (see above).

There are times when a specific form of guest-host
interaction (especially in biopigments) plays a more
dominant role in determining the fate of an excited
“trapped” substrate than any conceivable steric effect. In
this regard, it is important to realize that protein “encap-

sulated” substrates often present a very different form of
“guest-host” interactions from those encountered in most
man-made host systems. A substrate in a protein cavity
is usually “anchored” at one, two, or sometimes more sites
through covalent, ionic, or hydrophobic interactions as
part of the protein-substrate recognition process. These
anchors are usually not perturbed during the short lifetime
of the excited singlet state; they therefore often become
the most dominant restraining forces in dictating the
manner in which the chromophore reacts. For man-made
hosts, specific interactions with guest molecules are still
of rare occurrence;48 therefore a substrate is rarely “held
back” in any specific manner by the host except some
form of increased steric inhibition.

Photoactive Yellow Protein (PYP). PYP is a chromo-
protein (∼14 kD) that directs bacteria away from the
damaging UV light.49 The phototrigger is the trans to cis
isomerization of a simple thio-cinnamoyl chromophore
(12). The short chromophore is anchored at both ends,
one linked to Cys-69 and the other with the p-phenoxy-
oxygen hydrogen-bonded to Glu-46 and Tyr-42.50 While
rigidly anchored at both ends (within the short excited
lifetime, picosecond), the chromophore still manages to
isomerize, forming the cis photoproduct.51 A unique
isomerization process must be involved that is compatible
with the binding site restrictions. A simple conformational
analysis of the anchored chromophore suggests a possible
route.52

Figure 2 shows that HT (at the â-H) photoisomerization
(parts a-c) results in an untenable large displacement of
the phenoxy anchor site. On the other hand, a bicycle-
pedal (BP) motion involving the double bond and a nearby
ester single bond (double arrows in Figure 2a) would lead
to the trans to cis isomerization of the double bond and
a simultaneous flipping of the ester carbonyl group (part
b), both features observed in the crystal structure of the
primary photoproduct.51 The BP model was originally
proposed as a volume-conserving mechanism for isomer-
ization that involved simultaneous rotation of two double
bonds.53 In this case, only one double bond is involved,
making it equivalent to a OBF process. The small change
near the polar end of the chromophore (see figure) can
easily be accommodated through slight reorganization of
the single bonds around the surrounding amino acid
residues and within the cinnamoyl chromophore.52 It is
an isomerization process uniquely fitted to the binding
cavity of PYP.

An interesting complication was revealed in a recent
reanalysis of the X-ray crystal structure of PYP.54 Appar-
ently two forms of the trans-cinnamoyl chromophore are
present even in low temperature (110 K) crystals. It
appears to us that interconversion of the two forms is
connected by a BP motion53 (Figure 3A) that is very similar
to that detected in crystals of trans-stilbene (13) (Figure
3B) and azobenzene.55 These studies revealed an interest-
ing role of the intermolecular empty space in crystal
scaffolding. Such an empty space while allowing the BP
process does not allow HT motion, which requires space
for translational motion of at least half a molecule.56
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Also, we suspect that the unusual Z,Z to E,E photo-
isomerization of Z,Z-muconate bis(n-butylammonium)
salt crystals57 is helped by the empty space between
molecules making possible the downhill one-way isomer-
ization that is known for other hindered simple aromatic
olefins in solution.58

Rhodopsin. The visual pigment rhodopsin is a globular
lipoprotein of ∼40 kD that appears as a compact seven
helical bundle with the 11-cis retinyl chromophore an-
chored at one end to Lys-296 through a protonated Schiff
base (PSB) linkage and the six-ring fitted into a hydro-
phobic pocket at the other end of the opsin binding site.49

Its crystal structure was first reported in 2000.59 Thereby,
the location of the 11-cis retinyl chromophore (14) and
the shape of the binding pocket are clearly defined.

The significance of the unusual environment of the
chromophore in the binding cavity on its photoisomer-
ization process was discussed recently.60 The 11-cis retinyl
chromophore is situated near the edge of the helical
bundle with one side of the key C11-C12 cis-unit (left in
Figure 4) leaning against transmembrane (TM) helix-3 and
the other side facing an open space encircled by the large
4,5-TM connecting loop. This loop is known to be rigid,61

due to the Cys-187-Cys-110 disulfide bond and its â-sheet

structure. Therefore, it is an empty space uniquely created
by the “scaffolding” of opsin.

The quantum yield of photoisomerization of rhodopsin
(Φ ) 0.65)62 is several times higher than that of the same
11-cis retinyl PSB in solution (Φ ) 0.15-0.20).63 The rate
of isomerization of the enclosed chromophore (146 fs),64

which agrees with the 200 fs appearance time of the
primary photoproduct,65 is also much faster than that of
the free chromophore (1-2 ps).66 This unusual enhanced
efficiency of reaction can be accounted for by the unique
environment around the key 11,12 cis linkage of the
chromophore.

Light absorption causes H-12 to “bang” into Cys-187
causing reactive movement of the key atoms of the
chromophore.60 These atoms can turn either toward the
left or toward the right of the chromophore (Figure 4).
Only rotation into the open space on the right (see arrow)
can lead to isomerization. Rotation toward the left should
be stopped quickly by helix-3, resulting in an accelerated
return to rhodopsin. It is interesting to note that the
quantum yield of isomerization of rhodopsin appears to
be temperature-independent (identical at room temper-
ature and 77 K),67 an unappreciated simple fact68 that is

FIGURE 2. The thiocinnamate chromophore structure (12) of PYP from the reported crystal structure:50 (a) its dark structure relative to
nearby amino acid residues; (b) the photoproduct from the concerted BP process (curved arrows in panel a); (c) the hypothetical structure
from HT of the â-H, showing displaced phenoxy oxygen.

FIGURE 3. Equilibrating rotamers in crystals of (A) trans-cinnamoyl
(12) chromophore of PYP and (B) trans-stilbene (13) (structures in
both connected by a BP motion). The structures are essentially those
in the literature.54,55

FIGURE 4. Partial X-ray crystal structure of rhodopsin59b with the
11-cis retinyl chromophore (light green) facing helix-3 (aqua), Cys-
187 below H-12 and the empty space surrounded by 4,5-TM loop
(the gray portion connecting the green and the yellow helices) on
the right, into which the isomerization takes place (see arrow).
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more consistent with a nearby empty space than close-
lying protein side chains. Therefore, in rhodopsin we have
a case of confinement that facilitates excited-state deac-
tivation (both chemical and physical)!

We suspect that the observed two decay processes of
excited rhodopsin are due to excitation of two different
ground-state rotamers as shown graphically in Figure 5.
After light absorption, the molecule could land on different
excited potential surfaces that lead to chemical isomer-
ization or physical decay. Considering that different
rotamers have recently been reported in crystals of PYP
and trans-stilbene (see above), this suggestion of a non-
homogeneous ground-state structure of rhodopsin may
not be far-fetched. Furthermore, Figure 5 suggests the
interesting possibility that the active conformer of rhodop-
sin may have a quantum yield of isomerization much
larger than the currently accepted value of 0.65, if the latter
turns out to be an averaged value of the active and inactive
conformers of rhodopsin. (Note that the small wavelength-
dependent quantum yield of photoisomerization of rhodop-
sin62 is consistent with the presence of two rotamers of
slightly different absorption properties. An organic analogy
of two rotamers in crystals is in the literature.55,69)

Since the ease of rhodopsin isomerization is now
believed to reflect the empty space on one side of the
11-12 double bond, the condition of restricted space
favored for HT is no longer there. Indeed, recent molecular
modeling70 and X-ray crystal structural studies71 on batho-
rhodopsin (the first stable photoproduct following the
unstable photorhodopsin) suggest that the 11,12-double
bond isomerization is not accompanied by a simultaneous
adjacent single bond isomerization as expected for HT.
Apparently, many small twists of nearby single and double
bonds in a direction opposite to that of the 11,12-bond
twist allow the anchors to remain unperturbed during the
OBF isomerization. The resultant 6-s-cis-all-trans structure
for the retinyl chromophore of bathorhodopsin was
concluded from earlier calculated72 and spectroscopic
results.73 The presently available X-ray crystal structures63

are unfortunately of too low resolution to provide mean-
ingful structural information on the retinyl chromophore.

A major difference between the chromophores of PYP
and rhodopsin is their lengths plus the lengths of the
tethers that link the chromophore and the anchors. As a
result, rhodopsin and its lengthy butyl tether can “absorb”
the double bond configurational change without a major
change at one C-C bond. This is not possible in PYP.

While the anchored nature of the chromophores in PYP
and rhodopsin restricts possible modes of isomerization,
the empty space nearby each chromophore has made the
rapid isomerization possible. The rate could be further
accelerated if there is increased steric crowding as a result
of light absorption in rhodopsin.60 It will be a challenge
for the chemist to be able to design model systems that
can provide a unique cavity that will lead to lower steric
inhibition of molecular motion near the reaction site of a
trapped substrate molecule than in common solution so
as to enhance its reactivity.

In a way, this discussion is an extension of treatment
of “reaction volume”, “active and passive walls”, and “soft
and hard walls” in the literature.74 We have shown that
there may be “holes” in rigid matrixes that can permit
atomic motion that is evidenced by chemical change. Not
only is there possible ultrafast chemical reaction in the
“inner space”, but in some cases the host may hold a
chromophoric molecule in a configuration that leads to
ultrafast decay of the FC excited species. Literature shows
that in special cases these rates to a new product or to
the original ground state can be faster than those encoun-
tered in solution. It appears to us that medium effects at
this kinetic frontier present a new dimension for photo-
chemical control.

Summary
We have examined effects of host molecules on photo-
chemical reactivity of trapped molecules. Some of the
effects are on the nascent ground-state products, includ-
ing ease of diffusion. The effects on the excited states can
also be on diffusion characteristics of the reactive excited
molecules. However, the more interesting and challenging
cases are those when the medium effects are manifested
in their competition against fast decay of the Franck-
Condon excited species. The common examples include
many concerted unimolecular adiabatic reactions that
could be highly sensitive to the surrounding environment.
For these cases, the design of host systems for systematic
manipulation of excited decay of the guest molecule for
revelation of new and unusual mechanistic process(es) or
for enhancing reactivity or enantioselectivity remains a
continuing challenge to photochemists.6 Additionally, in
considering medium effects in general, we caution against
the notion that confinement automatically suggests steric
crowding around the trapped substrate. There are times
when confinement could give a less inhibited environment
for reaction (especially in organized media) than, for
example, that in a common solvent. Tapping such a
medium effect could be a new way of controlling photo-
chemical reactivity. And, organic glass medium, while
amorphous in nature, should provide closer host-guest

FIGURE 5. Hypothetical potential curves for ground and excited
states of rhodopsin (R) and photorhodopsin (P). The decay (1 and 2)
or product appearance (3) constants are those from the literature.64,65

The two observed decay processes lead eventually to rapid
isomerization (3) or back to rhodopsin (4).
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interactions than those in many organized media with
rigid structural scaffolding.
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