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Determining the quantum yield of photochemical
reactions in crystals from simultaneous effects

of photothermal and photochemical bending

of needle-shaped crystals
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Photoinduced bending of needle crystals caused by photochemical transformation can be used as an
extremely sensitive method for studying the kinetics of the transformation. However, the determination
of the absolute value of the quantum yield of the reaction requires an accurate value of the intensity
of light penetrating the crystal, in contrast to reactions in solutions where only the value of the total
absorbed irradiation dose is sufficient. To address this problem, this study utilizes the effect of
photothermal bending of a crystal due to its heating by light, occurring simultaneously with the bending
due to transformation and proportional to the same value of light intensity. The ratio of the amplitudes
of the two effects is independent of the light intensity, which allows the quantum yield to be
determined without knowledge of the intensity value. In addition, the method allows the light intensity
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and thermal conductivity of the crystal to be estimated. The method is applied to measure wavelength
dependence of the quantum vyield of nitro-to-nitrito photoisomerization in [Co(NHz)sNO,]CINO3)
DOI: 10.1039/d4cp00581c crystals. A monotonically decreasing value of the quantum yield ¢ from 0.19 to 0.04 in the range of 1
from 403 to 523 nm was obtained. This result indicates the qualitative differences in the transformation

rsc.li/pccp mechanism in crystals and in solutions, where ¢ = 0.03 independent of 4 in the same wavelength range.
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1 Introduction

In the last decade, interest has grown in the study of dynamic
crystal phenomena, which include various dynamic effects
like bending, twisting, rapid displacements, and spontaneous
destruction caused by phase or chemical transformations
initiated by various stimuli such as heating or irradiation
of crystals."™® All such phenomena are associated with the
occurrence of inhomogeneous strains due to inhomogeneous
development of transformations in crystals.” > Photomechanical
effects, like bending of thin crystals caused by photoisomerization
of the constituent molecules, are the most actively considered
phenomena in this field as they can be used to create microactua-
tors controlled by light."*™”

But beyond that, these phenomena provide a pathway to
new precision methods for studying photochemical reactions
in crystals. In those cases where the transformation does not
cause structural rearrangement of the crystal, its amorphiza-
tion or plastic deformation, the transformation is unambigu-
ously related to the resulting deformations, so that the solution
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of the inverse problem allows us to study the kinetics of
transformation with sensitivity inaccessible to other methods.
This method historically originated from the study of photo-
induced bending of needle-shaped crystals of [Co(NH;)sNO,]-
Cl(NO3), experiencing isomerization in the coordination of cobalt
by the ambidentate ligand NO, ™~ (from Co-NO, to Co-ONO, nitro—
nitrito isomerization).'®" Further development of the method is
able to provide detailed information on the absorption of light by
the substance, the spatial distribution of the transformation in
the crystal, and the value of the quantum yield, the most
important characteristic of the photochemical reaction.”®>
However, there are still specific difficulties in determining
the quantum yield in solids. In contrast to solutions, where it is
sufficient to measure the total absorbed irradiation dose that
caused the transformation, in the case of crystals it is necessary
to know the light intensity. Without detailed information on
the angular intensity distribution of the light source, this can
lead to significant errors in the absolute value of the quantum
yield determined in various experiments using averaged inten-
sity in the light beam.>® Therefore, it is very desirable to develop
an experimental approach that avoids the need to know the
exact value of the light intensity to calculate the quantum yield.
In this study, it is proposed to use for this purpose the photo-
thermal effect arising simultaneously with the transformation - the
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bending of a crystal due to inhomogeneous heating by the
absorbed light.* Since both photothermal and photochemical
bending of a crystal are proportional to the same light intensity,
their ratio does not depend on it and is determined by the ratio
of strains caused by transformation and heating. In addition, the
method can be used to determine the light intensity itself, as
well as the thermal conductivity of the crystal.

Photochemical isomerization in [Co(NH;)sNO,]CI(NO3) crys-
tals was used to test the idea. Crystals and solutions of this
complex experience the transformation from a thermally stable
nitro isomer to a nitrito isomer under irradiation with visible
or UV light at 4 < 530 nm. The reverse isomerization occurs
spontaneously: in a few days at room temperature, or in a few
minutes with heating up to 80 °C.**72%25"%7 [somerization in
the crystals does not change the initial orthorhombic crystal
structure, except for a linear change of lattice parameters with
the degree of transformation,”® which makes it possible to
follow the transformation kinetics by measuring the bending
of a needle crystal irradiated from one side.

[Co(NH;3)sNO,|X, crystals with various anions (X = Cl,
Br, and I) have been investigated earlier in a number of
studies,”®> but the only mention of the quantum yield
measurement in the crystals can be found in a short report in
ref. 33, where the quantum yield ¢ = 0.2 £ 0.05 is given without
experimental details. Here, we demonstrate the use of the new
method to obtain the wavelength dependence of quantum yield
for visible light from 403 to 523 nm.

2 Experimental method

To study the dynamics of crystal bending, the displacement of
the laser beam reflected from a micromirror (a small silicon
plate) glued to the end of a cantilevered crystal was tracked
(Fig. 1). Crystals with a length of 5-13 mm and a thickness of
180-280 um were used.

Collimated irradiation from 1 W LEDs (4 = 403 nm, 465 nm,
523 nm) and a 100 W xenon arc lamp with bandpass inter-
ference filters (405 nm, 425 nm, 436 nm, 461 nm, 491 nm) was
used as the light source. A mechanical shutter was used to
control the exposure periods.

The movement of the laser spot along the measuring tem-
plate located at a distance of about 2 m from the crystal was
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recorded using a 50 fps video camera. The video files were
analyzed using in-house developed software based on auto-
matic tracking of the laser spot movement relative to the
template marks located at the vertices of a 10 x 10 cm square
(“Laser Spot Track” plugin for ImageJ** is available at https://
imagej.net/PhotoBend).

The spatial resolution of the laser spot movement achieved
in the experiment was about 50 um. For a crystal located at a
2 m distance this provides a resolution of 7 x 10~ deg for
the bending angle, or 60 nm deflection of the free end of a
1 cm long crystal. This corresponds to a transverse strain
gradient resolution of 10~7 per 100 um of crystal thickness,
which can be caused, for example, by a temperature gradient
of 107® K per 100 pm (for a thermal expansion coefficient of
10~* K1), or by 0.01% transformation in a 10 um surface layer
of such a crystal.

Fig. 2 demonstrates the dynamics of the reflected beam
movement as a result of five exposure periods of different
durations. Each time, at the onset of irradiation, the crystal
experiences a rapid bending with the same amplitude in each
cycle, taking a time of about 100 ms. This is followed by a
slower curvature growth with the same rate in each cycle,
related to the accumulation of the nitrito isomer in the surface
layer. At the end of each exposure, a rapid limited unbending
occurs, reversed in the direction and taking the same time
as the rapid bending phase at the exposure start. Between
exposures, the bending achieved due to isomerization does
not change, since the rate of reverse isomerization at room
temperature is negligible. The described rapid bending
and unbending steps correspond to the photothermal effect.
Deformations occurring during the establishment and dis-
appearance of the transverse temperature gradient estimated
here to be 0.035 K over the crystal thickness of 280 um. The
total transformation degree reached at the surface after five
exposures is estimated to be 2.5%.

3 Model
3.1 Photothermal effect

One side of a needle crystal is heated by light due to nonradia-
tive deactivation of photoexcited states appearing in the irra-
diated surface layer. A flux of quanta I, [s~' cm™?] carries an

measurement
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camera

l:‘l—ﬂ\

crystal

laser

L~2m I

Fig. 1 Experimental setup: a cantilevered crystal (length 13 mm, cross-section 280 x 350 um) with a Si mirror at the free end (a), scheme of the
experimental setup (b), and trajectory of the laser spot movement relative to the template marks (c).
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Fig. 2 Displacement of the reflected laser beam as a result of five
exposure periods of different durations. Light source: 1 W LED 465 nm;
crystal length 13 mm; and cross-section 280 x 350 um. In the inset —
enlarged image of the first exposure period.

energy flux J, = Iohw onto the crystal. Absorbed in the surface
layer ~u ", this flux provides the bulk heat release w = Joue **
at depth x of the crystal with the absorption coefficient p,
according to the Bouguer-Beer-Lambert law. The temperature
evolution is subject to the heat conduction equation with the
volumetric heat release term
88—? — DrAT + % (1)

where Dr = «/c is the thermal diffusivity and x and ¢ are the
thermal conductivity and heat capacity of the crystal.

The crystal temperature rise is limited by heat exchange with
air at temperature 7,, which can be described using empirical
expressions for convective heat exchange of horizontal heated
cylinders,* and which defines the boundary condition of the
problem

oT Kg

—k— = Nu

o = NUEHT — T4, @

where x, is the thermal conductivity of air, d is the effective
diameter of the crystal section, and Nu is the Nusselt coefficient
estimated here to be Nu = 0.35 according to ref. 35.

An approximate solution of this problem can be obtained by
splitting the heat source w into an average part wy, = Jo(1 —
e "/h and a residual W' = w — wy, The latter corresponds
to zero total heat release and, therefore, does not lead to
the overall heating of the crystal, but only to a temperature
inhomogeneity. The average component wy, causes the overall
heating of the crystal. Accordingly, the temperature change of
the crystal can be represented as T(r,t) — Ty = Tw(t) + T'(,t),
where Ty,(f) is the growth of the average temperature of the
crystal, which does not cause its bending and is not important
for the considered problem, 7'(r,t) is the inhomogeneous
component leading to the bending.

This journal is © the Owner Societies 2024

View Article Online

Paper

Due to the difference between x and x, by more than an
order of magnitude, the heat transfer to the gas is predomi-
nantly determined by the average crystal temperature Ty,
whereas in the problem on 7’ the heat transfer to the gas can
be neglected. Further it will be shown that by the moment when
the heat exchange with gas becomes essential, the condition
T « Ty, is satisfied.

By integrating eqn (1) over the cross-section of the crystal,
taking into account the boundary condition (2), and neglecting
the inhomogeneity of temperature at the boundary, the follow-
ing expression for T,,(¢) can be obtained.

Tn = max(1 - eit/tm)v

Wi d?
Tmax = 4—7
KgNu 3)
K d?
" kg 4DTNU

In a typical case with radiation power J, ~ 0.1 W cm 2

absorbed by a 200 pm thick crystal, the maximum temperature
rise Trmax reaches about 5 K.

Since w’ depends only on x and the heat exchange with
air can be neglected, the problem for T’ is formulated as the
one-dimensional eqn (4)

oT' 02T W
o ~Prga e (4)

The solution for T’ can be obtained as a series
oo
T = awa(x)[1 = u,(1)], (5)
n=lI1

where functions u, and v,, are defined by
u, = exp(—k,*Dyt/h?), v, = cos(k.x/h), (6)

k, = nn. Coefficients a, are

2oh (h\*1 — (—1)e "
ay = 220 (K2 1-(=Dre ™ 7)
k \mn) (uh)?+ (nn)?
At t — oo the sum of series (5) tends to the function
T (x) = M{z e px e
K 6 uh
(8)

+ 56 e 0 -}

which determines the stationary temperature inhomogeneity
achieved in the photothermal effect. Under strong absorption
conditions, ph > 1, the maximum temperature difference
between opposite crystal surfaces can be achieved as

ATj = lim [TL(0) - TL (0] =20 9)

=1
Jth—00
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max
As can be seen from (6), characteristic time of the slowest
changing term in (5) can be determined using

B W
- TCzDT.

Comparison with eqn (3) shows that AT/, / Tnax ~ Kg / K< 1.

lc (10)
It is this time that determines the characteristic duration of the
photothermal bending. Comparison with ¢, in (3) shows that
the ultimate heating of the crystal takes two orders of magni-
tude longer than the time required for the establishment of
inhomogeneous temperature distribution over the crystal
thickness.

Next, the dynamics of the bending moment and curvature of
the crystal can be determined from 7’. The thermal strain
moment is defined by the expression

h h ,
ocTL (57 x) T'dx

= ot ian[l _ un(t)}ﬂ,
n=1

n2n?

M
(11)

where oy is the coefficient of thermal expansion along the
crystal axis (1.07 x 10~* K~ ' at room temperature for the
investigated crystals®®). When evaluating My, it is sufficient to
get the value of the first summand only in (11), which repro-
duces the whole dependence of My,(f) with an error of 1% or
better because the coefficients of the series in (11) decrease as,
at least, n~*, the characteristic times for u, decrease as n~ 2, and
only the terms with odd n are non-zero. An even more accurate
expression can be obtained if, instead of the coefficient of the
first term of the series 2a;/n* we use the exact value of the
moment calculated for the function 77_(x).

A strain moment M causes a homogeneous crystal bending
characterized by the curvature radius R defined by eqn (12)

1 12M

R™ (12)
Thus, the curvature caused by the crystal heating changes

according to eqn (13)

(), = &) [~ ()]
(%) OO: %ﬁo (13)

2\ (e 20 =)
x{(l (uh)z)(l-i-e )+ % }

It follows from (13) that the values of Dy and x can be
obtained from the kinetics of the photothermal effect. Addi-
tionally, with the known o and g, the light intensity penetrat-
ing the crystal I, = Jo/hw can be determined from the amplitude
of the phototermal bending. In the case of strong absorption
uh > 1, the maximum photothermal bending does not depend
on the thickness of the crystal, and is determined only by
the intensity of the light and the properties of the substance
R, = oqgfo/2k.
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A similar consideration of the crystal cooling after turning
off the illumination shows that the curvature changes in
the opposite way with respect to eqn (13): Ry, ' = R, *
exp(—Drt/n*h%).

3.2 Crystal bending by the photoisomerization

Simultaneously with heating, the absorbed light causes photo-
isomerization. Since the depletion of the initial isomer can be
neglected for small degrees of isomerization, the reaction rate
can be expressed using the equation

dc

— = Lupvoe ™™, (14)

dr
C is the fraction of the photoisomer, ¢ is the quantum yield,
and v, is the volume per single molecule. The bending moment
due to isomerization is

h h
Miso = SOJ (E — x) C‘dx7 (15)

0

&o is the longitudinal strain at complete isomerization (ca. 3.4%
at room temperature for the substance under consideration®?).
The corresponding rate of curvature increase is

d/1 610(pV080 —uh [ —e#h
S(2) —2howiofy o o2 T T 1
dt(R) I i (16)

3.3 Determination of quantum yield

With the irradiation onset, both processes begin simulta-
neously. The resulting curvature is determined by the sum of
two effects R™' = Ry, ' + Rigo

The bending of a crystal of length [ causes the mirror to be
tilted by an angle I/R. The tilt results in the reflected ray move
by a distance ¢ = 2[L/R along the wall located at a distance L.

The response of the crystal to irradiation predicted by the
model occurs as follows: when the light is turned on, the
curvature of the crystal increases by R, ! for a time ~¢,
according to (13). As a result, the laser beam is rapidly shifted
to the distance d,

s (2) )

Simultaneously, the curvature grows at a constant rate deter-
mined by eqn (16), causing the beam to shift at a rate of

ddiso d/1
= =2L——=] . 18
dr dz(R)iSO (18)

When the radiation is turned off, the bending achieved by the
transformation remains fixed, while the thermal bending dis-
appears in a time ~t.. The schematic evolution of the total
displacement ¢ = dy, + Jiso is identical to the experimentally
observed effect shown in Fig. 2.

This journal is © the Owner Societies 2024
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The ratio of the rate dodis/dt to Jy, measured in one
experiment is independent of the light intensity

L B0y K 0k
S dr (phwhzaT ’
(19)
o () (L e ) — 2(uh (1 — )

[(uh)® — 120h](1 + ¢ ) + 24(1 — e )’

which makes it possible to determine the quantum yield of the
reaction ¢ using the characteristics of the substance that can be
obtained experimentally. The coefficient F(uh) varies between
0.833 at uh » 1,and 1 at uh < 1, so that the relative error in the
quantum yield will not exceed ~10% in most cases because of
the inaccurate value of u.

Thus, the considered method allows to determine quite
accurately the quantum yield of the photochemical reaction
in crystals without knowing the value of the light intensity
penetrating into the crystal. In addition, the analysis of the
photothermal effect can be used as an independent method for
determining the thermal conductivity coefficient of various
substances, as well as the irradiation intensity.

4 Experimental results

The photothermal effect curves obtained at successive expo-
sures of the 13 mm crystal are shown in Fig. 3, where all data
are shifted to the origin for the ease of presentation. The results
are jointly analyzed according to the given model, with com-
mon values of t., 0y, and dodig,/dt.

The value of ¢, was 57 £+ 4 ms for the 280 um thick crystal,
which corresponds to Dy = 1.4 x 107" m®> s ! and x = 0.43 +
0.04 J m~' K ' (the heat capacity was estimated by the
Neumann-Kopp rule as 3 x 10° ] m™> K™ '). From the value
of dy, = 0.7 mm the irradiation power penetrating the crystal in

1.2 1
3
£
< 0.81
(0]
€ s
(0]
[&]
o
@ 044
© Sn
€
©
@
0.0 s
0.0 0.2 0.4 0.6

Time (s)

Fig. 3 Photothermal effect at switching the irradiation on and off, corres-
ponding to the data in Fig. 2 shifted to the common origin of coordinates.
The dots of different colors correspond to five cycles of the irradiation on
and off, the solid line is the fitted analytical model.
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Fig. 4 Wavelength dependence of the quantum yield of isomerization

obtained for four different crystals (geometrical dimension thickness x
width x length are given in the figure).

this experiment was evaluated to be J, = 17 mW c¢cm™ > according
to eqn (13) and (17), which corresponds to the photon flux I, =
3.9 x 10" ecm 2 s~ for a 465 nm LED used in the experiment.

The resulting dependence ¢(4) obtained on different
crystals is shown in Fig. 4. The dependence agrees with the
data obtained earlier by another method, from the kinetics of
photomechanical response of thin crystals, using the values of
source intensities measured by the average radiation power in
the light field.>" The method proposed here, however, gives
more reliable information due to the independence of the
absolute value of the obtained quantum yield from the intensity
of the used source, while the use of the average intensity of the
light beam can lead up to a 2-fold variation in the determined
quantum yield.*’

The value of ¢ = 0.2 £ 0.05 reported without specifying the
wavelength in the only known measurement of the quantum
yield of this reaction in [Co(NH;)sNO,]X, crystals®® is in agree-
ment with the present result at 4 = 403 nm.

For isomerization of the complex in solutions, it was found
that the quantum yield is constant ~0.03 at 4 > 400 nm, but
increases with the excitation energy up to ~0.2 at Z = 250 nm.*®
The authors explain the obtained dependence by assuming that
the reactive intermediates of the isomerization are ligand-to-metal
charge-transfer (CT) excited states. At A < 400 nm such excited
states are formed directly upon light absorption and isomerize
before reaching vibrational equilibrium, which leads to an
increase in the quantum yield with the excitation energy. At 4 >
400 nm nonreactive excited states are formed initially corres-
ponding to the ligand field (LF) electronic transition which first
reach the vibrational relaxed state, and then transform into the CT
reactive states by the internal conversion process, thus providing a
constant quantum yield in visible light.

The result obtained here shows a qualitative difference in
the influence of the near environment on the studied reaction

Phys. Chem. Chem. Phys., 2024, 26, 11379-11385 | 11383
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in solutions and in the crystal. The growth of ¢ with excitation
energy at 4 > 400 nm indicates that, in contrast to the reaction
in solution, the isomerization is faster than the vibrational
relaxation for LF excited states in crystals. This result also does
not exclude that LF states can be directly reactive in crystal
environments.

5 Conclusions

This study developed a technique for determining the quantum
yield of photochemical reactions in crystals based on the joint
analysis of two types of photomechanical effects simulta-
neously occurring during irradiation of needle crystals: rapid
bending with a certain amplitude caused by heating of the
crystal by light, and slower monotonic bending caused by
photochemical transformation. Since the amplitudes of both
effects are proportional to the same light intensity, their ratio is
independent of it, which allows us to determine the quantum
yield of a photochemical reactions occurring in crystals with
zero information about the light intensity. In addition, the
analysis of the photothermal effect allows us to determine the
light intensity and thermal conductivity of crystals. The latter
can be used as a method for measuring the thermal conduc-
tivity of various materials.

In this study, the methodology is applied to determine the
wavelength dependence of the quantum yield of nitro-nitrito
isomerization in [Co(NH;)sNO,]CI(NO;) crystals. For the wave-
length range 403-523 nm, a monotonic decrease of the quan-
tum yield from ¢ = 0.19 to ¢ = 0.04 was obtained, which
is qualitatively different from the reaction in solutions, where
¢@ = 0.03 regardless of A within the same wavelengths. This
result shows that new insights into this reaction can be
obtained by methods based on the analysis of photomechanical
effects.
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