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ABSTRACT: The photoconversion of a norbornadiene (NBD)
derivative was studied under high-intensity mono- and polychro-
matic light conditions at high concentrations. The photoisomeriza-
tion quantum yield (ϕNBD→QC), proceeding from NBD to its
quadricyclane (QC) isomer, was determined using a tunable OPO
laser and a solar simulator light source. The solar simulator was
designed to mimic the AM1.5G solar spectrum between 300 and
900 nm. Using the OPO laser, ϕNBD→QC was measured at discrete
values between 310 and 350 nm in steps of 10 nm, and a variation
between 0.81 and 0.96 was observed. Weighting these values of
ϕNBD→QC with the spectral profile of the solar simulator, an averaged
value of 0.87 ± 0.03 was obtained. Determination of ϕNBD→QC was
also performed directly in the solar simulator providing a value of
0.97 ± 0.14, in good agreement with the weighted values from the OPO. Photoisomerization quantum yields were found to decrease
slightly at higher concentrations. At high concentrations, we found that correcting for the presence of QC was important due to
similar absorption coefficients of the NBD and QC isomers at the absorption tail. Cyclability of the forward and backward NBD/QC
conversion was studied over several cycles. The NBD/QC couple exhibited excellent thermal stability, but a slight photodegradation
per cycle was observed, increasing with the concentration of the sample. This result indicates that the molecules undergo some
intermolecular reactions.

■ INTRODUCTION
Molecular solar−thermal energy storage (MOST) systems are
based on photochromic molecules. Some of the most well-
studied systems include anthracene,1−3 dihydroazulene/vinyl-
heptafulvene,2,4,5 azobenzene,2,6,7 stilbene,2,8 ruthenium diful-
valene,2 and norbornadiene/quadricyclane.2 In all of these
systems, a low-energy isomer can be photoconverted into a
metastable isomer that can return to the original isomer by
releasing the energy as heat.1,2

For solar−thermal applications, the viability of a MOST
system depends on several criteria. Spectroscopically, the
absorption spectrum of the stable isomer must have a good
overlap with the solar emission spectrum, and the photo-
isomerization reaction must occur with a high quantum yield.
In addition, the spectrum of the metastable isomer should have
a poor solar overlap to minimize any backward photo-
isomerization.1,2 Kinetically, a high enthalpy difference
between the stable and metastable isomers is needed to
generate heat in the back-reaction. A high barrier between the
stable and metastable isomers should allow the energy to be
stored for long periods.2

The norbornadiene/quadricyclane (NBD/QC) photoisomer
pair is one of the more interesting systems. The isomerization
occurs as an intramolecular [2 + 2]-cycloaddition from the
stable NBD isomer to the metastable QC isomer. The strained

structure of QC leads to a relatively high enthalpy difference of
∼96 kJ/mol.2 The detailed mechanism of the [2 + 2]-
cycloaddition of the NBD/QC couple involves the formation
of diradical intermediates. Possible intermediates of the
diradical norbornadienyl and quadricyclenyl diradical have
been formed from cyclic azoalkane precursors.9,10 Photolysis of
the azo-group releases N2 and leads to the formation of NBD
and QC in various ratios. Direct S0 → T1 excitation and triplet
sensitization of both precursors showed a clear preference for
QC formation (∼90%).9,10 For the norbornadienyl diradical
precursor, direct S0 → S1 excitation showed similar yields of
QC (71%), which indicates an efficient intersystem crossing
from the S1 to the T1 state of the norbornadienyl diradical.
However, for the quadricyclenyl diradical precursor, direct S0
→ S1 excitation showed a much smaller yield of QC (37%),
which indicates that the intersystem crossing is inefficient for
quadricyclenyl. From these observations, it has been postulated
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that the minimum energies of the S1 and T1 energy surfaces lie
on opposite sites of the reaction barrier of the NBD and QC
ground states.9 Support for this has been found from Hartree−
Fock calculations.11 A triplet state was found, where only one
of the two new σ-bonds resulting from the [2 + 2]-
cycloaddition had formed. An orbital inspection of this
structure showed a more favorable orbital overlap with the
singlet HOMO of quadricyclane compared to the HOMO of
norbornadiene. This nicely explains why relaxation from the
triplet state to the ground state is heavily skewed towards the
formation of quadricyclane.
The onset of the π−π* transition of the nonsubstituted

NBD lies in the UV region at slightly below 236 nm.12−14 As
the solar irradiance spectrum extends down to ∼300 nm, this
results in a poor spectral overlap, and for solar−thermal
applications substituted NBD variants are required to red-shift
the π−π* transition. This is often achieved by the addition of
electron-donating and -accepting groups on the double bond,
generating a push−pull charge transfer effect. The cyano group
has previously been used as the acceptor group on account of
its low molecular weight.15−17

The specific NBD/QC derivative in this work is a cyano-
and p-methoxyphenyl-substituted system, shown in Scheme 1.

This cyano- and methoxyphenyl-substituted NBD/QC system
has previously been characterized in toluene.17,18 The catalytic
reaction of QC to NBD, which releases heat, has been studied
at concentrations up to 1.5 M. A temperature gradient upon
heat release was observed, with higher temperature gradients at
higher concentrations. At a concentration of 1.5 M, an increase
of 63 K was observed. At a lower concentration of 7 × 10−4 M
the photoisomerization quantum yield was determined to be
∼60% at 340 nm.18 For practical application, a high
concentration of the MOST fluid is preferred such that a
high energy density is obtained. This in turn motivates
photolytic studies of these MOST systems at higher
concentrations, which is not as well studied. In particular, we
here would like to elucidate effects of concentration on inner
filter effects, quantum yield, and degradation.
Here, we have determined the photoisomerization quantum

yields of this system, dissolved in toluene, over a range of
wavelengths between 310 and 350 nm. In addition, photo-
isomerization quantum yields were measured at various
concentrations between 1 × 10−3 and 1 × 10−1 M to elucidate
any potential concentration dependence. The AM1.5G solar
spectrum was mimicked using an ISOSun solar simulator (see
the Methods section for details). A spectrally averaged
photoisomerization quantum yield was determined to be a
weighted average of the wavelength-dependent photoisomeri-
zation quantum yields measured with the OPO laser, with the

spectral intensity from the solar simulator as weights. In
addition, a spectrally averaged photoisomerization quantum
yield was also measured directly inside the solar simulator. The
general theory for determination of photoisomerization
quantum yields in monochromatic light is generalized to
measurements in polychromatic light. To our knowledge, this
is the first determination of the photoisomerization quantum
yield of a MOST system directly in simulated sunlight. The
cyclability/degradation of the NBD/QC couple has also been
estimated by repeated photolytic conversion with the solar
simulator and thermal back-conversion in an oven at 343 K by
measuring the change in absorbance of NBD and QC at each
cycle.

■ METHODS
All measurements were performed using the NBD/QC
derivative shown in Scheme 1, which was prepared according
to a previously published procedure.18 For simplicity, these
derivatives are termed simply NBD and QC. Samples were
dissolved in high-grade toluene (≥99.8%, VWR 83625.320),
which was thoroughly degassed by vacuum pumping. Samples
were prepared with a precision balance (±0.1 mg) in
volumetric flasks (±1%) and were heated to 343−353 K for
2−3 h. The density of the solutions was measured, and precise
volumes for all measurements were determined via the weight
from the precision balance.
Absorption spectra were recorded on a Lambda 1050

(PerkinElmer) UV−vis spectrometer using a halogen lamp and
PMT detector. A spectral resolution of 1 nm, a spectral
bandwidth of 3 nm, and a recording time of 1 s per point were
used. The spectrometer was calibrated with 0 and 100%
transmittance curves before recording. Samples were recorded
using 1 cm quartz cuvettes, and unless noted otherwise, a
magnetic Teflon stirring bar was placed in the cuvette with a
rotation rate of 900 rpm. Evaporation of toluene was assessed
by weighing the cuvette with the sample before and after each
measurement. In general, the evaporation was found to be
negligible (<1%). In all measurements, the light in the
laboratory was turned off and the windows were covered. A
red LED light was used to light the room.
Irradiation was performed using a tunable OPO laser

(NT342, Ekspla). The pulse energy was measured with a
pyroelectric sensor (ES220C, Thorlabs). The pulse rate was 20
Hz, and the pulse FWHM was ∼3 nm. The calibration of the
pyroelectric sensor was tested against intensities obtained by
ferrioxalate actinometry.19−21 Good agreement between the
two methods was observed, with less than a 4% deviation (see
Section S3). An estimated 11% of the light was observed to be
reflected off of the pyroelectric sensor (see Section S2), and
corrected pulse energies were used. The laser power was
measured from the light passing a cuvette with pure solvent.
The laser power through an empty cuvette (air) was similar to
the laser power through cuvettes with neat solvent (±3%), and
the laser power without a cuvette in between the laser and the
sensor was higher (20−25%) due to reflections at the cuvette
surface. The measurements were performed at 293 ± 2 K.
The spectral profile of the AM1.5G solar spectrum was

mimicked within 300−900 nm using an ISOSun solar
simulator (InfinityPV), though it should be emphasized that,
in the UV region, the spectral intensity of the solar simulator is
slightly lower than that of the desired AM1.5 spectrum. The
light of the metal halide lamp in the solar simulator can be
adjusted to an irradiance between ∼0.6 and 1.5 sun (1 sun ≡

Scheme 1. Cyano- and p-Methoxyphenyl-Substituted
Norbornadiene (NBD) Quadricyclane (QC) System
Investigated Here
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1000 W/m2). The solar simulator is equipped with several
fans, which were used to control the temperature. The
irradiance from the lamp was calibrated with a CalCell
(infinityPV) sensor and monitored using an internal photo-
diode. A SolarRad (Stellarnet) mini UV−vis spectrometer was
used to record the spectral irradiance from the solar simulator.
The SolarRad was calibrated by the manufacturer and
measures absolute spectral irradiance to within 10%. The
reflectance of the cuvette inside the solar simulator was
estimated at 22% by recording the spectrum of the lamp in the
solar simulator (with the SolarRad) with and without the
cuvette between the SolarRad and the lamp.
A Vertex 80 FTIR spectrometer (Bruker) was used to

measure IR spectra of a 0.100 M solution of the MOST fluid
before and after irradiation with the OPO laser at 340 nm.
Before irradiation, the lack of a nitrile stretch from QC (2222
cm−1) shows complete thermal conversion to NBD (2196
cm−1). After irradiation for 4 h at 340 nm, the absorbance at
2196 cm−1 was 1.9% of that before irradiation. This indicates
that at most 1.9% NBD is present at equilibrium. However, the
nitrile stretches of NBD and QC overlap slightly and the actual
fraction of NBD is less than this. This fraction of NBD is
negligible in the determined photoisomerization quantum
yields, and we assume a complete photoconversion of NBD to
QC.

Photothermal Conversion of Norbornadiene. With a
monochromatic light source, the depletion of NBD in Scheme
1 follows eq 1.21

t

I t

VN

I t

VN

k

d NBD
d

( ) ( )

QC

NBD QC NBD

A

QC NBD QC

A

QC NBD

[ ] = +

+ [ ] (1)

Here d[NBD]/dt is the time-dependent change in concen-
tration of NBD (M/s), ϕNBD→QC and ϕQC→NBD are the
photoisomerization quantum yields (unitless) for the con-
version of NBD to QC and QC to NBD, respectively, I is the
photon flux (s−1), βNBD(t) and βQC(t) are the absorbed photon
fraction (unitless) of NBD or QC, respectively, at an
irradiation time t (s), V is the volume of the sample (L), NA
is the Avogadro constant (mol−1), and kQC→NBD is the rate
constant for the thermal reaction of QC to NBD (s−1). The
absorbed photon fraction βNBD is defined as shown in eq 2.

t( )
NBD

NBD QC
(1 10 )t

NBD
NBD,irr

NBD,irr QC,irr

Abs ( )irr=
[ ]

[ ] + [ ]
(2)

Here ϵNBD,irr and ϵQC,irr are the molar absorption coefficients
(M−1 cm−1) at the wavelength of irradiation of NBD and QC,
respectively, and Absirr is the sum of the absorbances from
NBD and QC at the irradiation wavelength at an irradiation
time t. βQC is defined similarly to βNBD.
For the QC derivative studied here, a rate constant of

kQC→NBD = 2.88 × 10−7 s−1 has been determined from the
Eyring equation at T = 298.15 K.18 As this thermal reaction is
appreciably slow at room temperature, it can be safely
neglected. If [NBD] × ϵNBD × 0.05 > [QC] × ϵQC, it is
generally safe to assume βQC(t) ≪ βNBD(t), rendering the term
involving βQC(t) in eq 1 negligible. In addition to this, if the
absorbance at the irradiation wavelength is kept above 2, then
βNBD(t) is never less than 0.99. At such absorbances, assuming
βNBD(t) = 1, an error less than 1% is introduced.

t
I

VN
tNBD ( ) NBD 0

NBD QC

A
[ ] = [ ]

(3)

Here [NBD](t) and [NBD]0 are the time-dependent and
initial concentrations of NBD, respectively. The concentration
of NBD at different irradiation times was determined by eq 4.

l C

l
NBD

Abs

( )
QC total

NBD QC
[ ] =

(4)

Here, Abs is the absorbance at a wavelength, where the
absorbance is below 1, ϵNBD and ϵQC are the corresponding
molar absorption coefficients, l is the optical path length, and
Ctotal is the sum of the NBD and QC concentrations.
Determination of ϵNBD is obtained from the initial spectrum
prior to irradiation, and ϵQC is determined when a complete
conversion is achieved.

Photoconversion under Solar Spectrum Conditions.
Equation 1 describes the photoconversion in a monochromatic
light source. However, in a polychromatic light source each
wavelength contributes to the isomerization of NBD. If both
photolytic and thermal back-reactions are neglected, eq 1 can
be generalized into eq 5 to account for all wavelengths.

t VN
I td NBD

d
1

( ) ( ) ( , ) d
A

NBD QC NBD
min

max[ ] =

(5)

Here ϕNBD→QC, I, and βNBD now become wavelength-
dependent (λ), and the integral is the spectral overlap of
these. Here I(λ) is the spectral photon flux (s−1 nm−1), and
λmax and λmin are the upper and lower wavelengths of the
spectral overlap, respectively.
If ϕNBD→QC is assumed to be wavelength-independent in the

range of λmin to λmax, eq 5 can be rewritten as

t VN
I td NBD

d
( ) ( , ) dNBD QC

A
NBD

min

max[ ] =
(6)

Uncertainties in ϕNBD→QC were obtained as the summed
uncertainty due to fitting and concentration. Concentration
uncertainties were assessed from mass and volumetric
uncertainties using error propagation (see Section S4.1).

■ RESULTS AND DISCUSSION
Spectra of Norbornadiene and Quadricyclane. Ab-

sorption spectra of NBD (solid) and QC (dashed) are shown
in Figure 1 at concentrations of 1.08 × 10−3 M (blue), 1.06 ×
10−2 M (red), and 1.02 × 10−1 M (green) using a 1 cm
cuvette. The high absorbance between 310 and 350 nm shows
that this range is suitable for working in the total absorption
regime (eq 3). Spectra of NBD were recorded prior to
irradiation, and spectra of QC were obtained by repeated
irradiation at 340 nm, until an appreciably small decrease in
absorbance was observed.

Concentration Dependence of the Photoisomeriza-
tion Quantum Yield. Determinations of ϕNBD→QC are often
performed at low concentrations to minimize the influence of
inner filter effects and side reactions. However, high
concentrations of the MOST fluid are preferred for practical
applications, as this increases both the spectral overlap with the
sun and the energy density. Therefore, characterization of the
concentration dependence of ϕNBD→QC is important. In Figure
2, we show concentrations of NBD at different irradiation
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times, at 340 nm, for solutions of 2.93 × 10−3 M (left) and
1.02 × 10−1 M (right). The NBD concentration is shown in
blue, and the fitting residual is shown in red. For clarity, the
residual is upscaled by a factor of 10 on the y-axis. At small
irradiation times, a linear decay is observed, as expected from
eq 3. For the 2.93 × 10−3 M solution, spectra were recorded in
steps of 8 s for a total irradiation time of 144 s, after which the
equilibrium was reached. Deviations from linearity in the NBD
concentration can be seen after 88 s due to the absorbance at
340 nm being less than 2.
The 1.02 × 10−1 M solution was subjected to irradiation for

a longer time with 500 s between each spectral recording. A
linear decay is again observed until 3000 s. However, after
4000 s the absorbance at 393 nm, which was used to determine
the NBD concentration, started to increase. The increase in

absorbance was not due to toluene evaporation during the
experiment, as only 1% had evaporated during the entire
experiment. As such, we believe this to be due to
concentration-dependent side reactions occurring in the 1.02
× 10−1 M solution. The fitting residual of the 2.93 × 10−3 M
solution is seen to be fairly flat around zero as one would
expect. But for the 1.02 × 10−1 M solution, a more noticeable
quadratic residual was observed, which also indicates formation
of other side products. Though the residual shows some
systematic behavior, it is still quite low (1%), and the
determined ϕNBD→QC should be valid at this concentration. A
possible side product that is dependent on the NBD
concentration could be NBD oligomers. Formation of
norbornadiene dimers and trimers has been observed in the
literature using various catalysts,22−24 and many structures of
the norbornadiene dimer have been found, as these can be
formed through [2 + 2]-, [2 + 4]-, and [4 + 4]-
cycloaddition.24,25 In an attempt to characterize the assumed
side products, a 0.1 M sample was irradiated for 4 h. However,
no side products could be observed by GC-MS analysis.
Because of the difficulty in analyzing the potential side
products of the 0.1 M solution, measurements of ϕNBD→QC
above 0.1 M were not attempted. Such determinations will
most likely require a modified version of eq 1, which includes a
contribution from concentration-dependent reactions.
As the QC photoisomer has an absorption that overlaps with

the NBD absorption at the wavelength of irradiation, the QC
absorbance has to be taken into account when evaluating the
photoisomerization quantum yield. This was particularly
important for our measurements at high concentrations as
can be seen from Figure 3. Here ϕNBD→QC is plotted against

the initial concentration of NBD (logarithmic axis) (see Figure
S5 for the linear x-axis); blue data points correspond to values
corrected for the QC absorbance (subtracted from the NBD
absorbance), while red data points correspond to uncorrected
values (this series of data points was slightly displaced in regard
to the correct concentrations to avoid overlap with the other
series).
At higher concentrations, inner filter effects should be

considered. For example, while the absorption of QC is very

Figure 1. UV−vis absorption spectra of NBD (solid line) and QC
(dashed line) at concentrations of 1.08 × 10−3 M (blue), 1.06 × 10−2

M (red), and 1.02 × 10−1 M (green). Spectra of NBD were recorded
before irradiation, and spectra of QC were obtained after irradiation at
340 nm for 60, 400, and 4000 s.

Figure 2. Concentration of NBD against irradiation time (blue) of
solutions with initial NBD concentrations of 2.93 × 10−3 M (left) and
1.02 × 10−1 M (right). Concentrations were determined from the
absorbance at 373 and 393 nm for the 2.93 × 10−3 and 1.02 × 10−1 M
solutions, respectively. Samples were irradiated with 340 nm light
from the OPO laser. The solid blue line shows the expected linear
decay (eq 3), where the absorbance of NBD at 340 nm is above 2 and
[NBD] × ϵNBD × 0.05 > [QC] × ϵQC. The dashed blue line shows
deviations from linearity. The fitting residual (fit subtracted from
data) is shown in red. For clarity, the residual is upscaled by a factor
of 10 on the y-axis.

Figure 3. Photoisomerization quantum yield (ϕNBD→QC) plotted
against the initial concentration of NBD at 340 nm irradiation (Table
S2). Values with (blue) and without (red) correction for absorbance
of QC (see text). The uncorrected data points are displaced to slightly
higher concentrations for convenience of presentation (to avoid
overlap with the corrected data points for which the concentrations
are correct).
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small relative to NBD at 340 nm, a solution at 1 × 10−2 M of
QC has an absorbance of 1 through a 1 cm cuvette, as seen in
Figure 1. This effectively shields NBD from converting to QC
and would lower the value of ϕNBD→QC. However, in a
homogenized solution, this is accounted for when using eq 4.
To show that the decrease in ϕNBD→QC at around 1 × 10−2 M
was not due to inner filter effects, we determined ϕNBD→QC at
stirring rates of 450, 600, 750, and 900 rpm for a 1 × 10−2 M
solution (Figure S4). The same value of ϕNBD→QC was
observed for each of these stirring rates, indicating that the
decrease in ϕNBD→QC is not due to a filter effect. Next, looking
at the uncorrected values of ϕNBD→QC (red), we see that they
are generally underestimated. This is clear from eq 4 because
the concentration of NBD gets overestimated when neglecting
the contribution to the absorbance from QC. The effect is less
significant at low concentrations. For example, at 1.08 × 10−3

M the difference between the corrected (0.91) and
uncorrected (0.90) value of ϕNBD→QC is quite small. However,
at 0.1 M the difference between the corrected (0.79) and
uncorrected (0.28) value is huge. The reason the deviation
becomes more pronounced at higher concentrations is due to
our experimental procedure. As mentioned in the Methods
section, the concentration of NBD is followed at a wavelength
where the initial absorbance is below 1. As the concentration
increases, the absorbance at a longer wavelength is used, where
the absorption coefficient of NBD is smaller. At 1.08 × 10−3 M,
the absorbance is obtained at 366 nm with absorption
coefficients of ϵNBD,366 nm = 909.5 M−1 cm−1 and ϵQC,366 nm =
13.1 M−1 cm−1. In comparison, at 1.02 × 10−1 M the
absorbance is obtained at 393 nm with ϵNBD,393 nm = 9.4 M−1

cm−1 and ϵQC,393 nm = 6.1 M−1 cm−1. The error of not
subtracting the absorbance from QC becomes very noticeable
when the absorption coefficients are similar, as the QC isomer
accounts for a larger fraction of the observed absorbance. It is
clear that the ratio of the absorption coefficients is much larger
at 366 nm than at 393 nm, which shows why the correction is
more impactful for the measurements at higher concentrations.
This illustrates a general caution in reporting values of
photoisomerization quantum yields namely to carefully
consider the influence of the photoconverted species. The
importance of the correction depends inherently on the
absorption coefficients of the photochromic pair and should
not be mistaken as a concentration dependency of the
quantum yield.
Measurements of photoisomerization quantum yields of

MOST systems at high concentrations are scarce in the
literature. Our findings here show that high concentrations do
not heavily affect the photoisomerization quantum yield of the
NBD photochrome. This gives better validity in solar−thermal
applications; thus, an efficient MOST molecule should show
the highest possible solubility in a heat transfer fluid, and for
this reason it is important to also evaluate photoisomerization
quantum yields at high concentrations.
Previous work on this derivative in toluene has been done by

Wang et al.18 They determined a value of ϕNBD→QC = 0.6 for a
7 × 10−4 M solution. There, the irradiation was performed
with a LED lamp centered at 340 nm, and the photon flux was
measured with ferrioxalate actinometry. In there, a photon flux
of 7.86 × 1015 s−1 was used, which is similar to the 3.94 × 1015
s−1 value measured here, also using ferrioxalate actinometry.
The value of ϕNBD→QC is somewhat lower than what is
determined here at 340 nm (ϕNBD→QC = 0.91). As the
pyroelectric sensor and ferrioxalate actinometer showed similar

photon fluxes in this work, we are unsure of the cause of this
discrepancy.

Wavelength Dependence of the Photoisomerization
Quantum Yield. The photoisomerization quantum yields of
photochromic systems are generally anticipated to be wave-
length-independent when the photoconversion happens
through the lowest excited state as a consequence of Kasha’s
rule. Exceptions to this rule, however, have been reported for
several photochromic molecules. The ring closure of
substituted diarylethenes varied in photoisomerization quan-
tum yields by up to 75% between 480 and 620 nm.26 The trans
→ cis isomerization quantum yield in azobenzenes also
deviates a factor of ∼2 between the π → π* and n → π*
transitions across many solvents.27 Such deviations in the
photoisomerization quantum yield are important knowledge
for solar applications, where the irradiation is performed by a
broad spectrum of light. Table 1 lists values of ϕNBD→QC

obtained with the OPO laser at discrete wavelengths between
310 and 350 nm in steps of 10 nm, their averaged value with
the spectrum from the solar simulator, and the ϕNBD→QC value
obtained directly in the solar simulator (vide inf ra). A
concentration of 1.08 × 10−3 M was used for the measure-
ments between 310 and 350 nm with the OPO laser, and 1.21
× 10−3 M was used for the measurement with the solar
simulator. Determination of ϕNBD→QC above 350 nm was
difficult, as the absorbance was too low to have total
absorption for a reasonable period of time. A slight variation
in ϕNBD→QC can be seen between 310 and 350 nm. The values
vary between 0.81 and 0.96, which is a difference of 15%. A
spectrally averaged value of ϕNBD→QC between 310 and 350 nm
was obtained from a weighted average of the OPO determined
values of ϕNBD→QC using the summed photon fluxes in a range
of −4 to +5 nm around the measured ϕNBD→QC as weights (i.e.,
the sum of the spectral photon fluxes between 306 and 315 nm
were used as the weight for ϕNBD→QC at 310 nm, photon fluxes
between 316 and 325 nm for ϕNBD→QC at 320 nm, etc.). The
spectrum of the lamp in the solar simulator was measured at
640 W/m2 (0.64 sun) using the SolarRad. From this, a solar-
averaged value of ϕNBD→QC of 0.87 ± 0.03 was obtained. We
have also determined ϕNBD→QC directly in the solar simulator

Table 1. Photoisomerization Quantum Yields (ϕNBD→QC) at
Wavelengths between 310 and 350 nm as Well as the Solar
Weighted Average of These and the Value Determined in
the Solar Simulator

λ (nm) ϕNBD→QC

310 0.86 ± 0.02a

320 0.96 ± 0.03a

330 0.89 ± 0.02a

340 0.91 ± 0.03a

350 0.82 ± 0.03a

solar average 0.87 ± 0.03b

solar simulator 0.97 ± 0.14c

aPerformed at ∼293 K with the OPO laser. The sample concentration
was 1.08 × 10−3 M. bWeighted average of the OPO determined
ϕNBD→QC values with binned photon fluxes, from a recorded solar
spectrum of the solar simulator, as weights (Figure S18 and Table
S16). cThe uncertainty is the summed uncertainty from concentration
(2.3%), fitting at 95% confidence (2.1%), and absolute photon flux
(10%). The temperature in the solar simulator was ∼317 K. The
sample concentration was 1.21 × 10−3 M.
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and obtained a value of ϕNBD→QC = 0.97 ± 0.14 (vide inf ra), in
reasonable agreement with the solar averaged value. The
uncertainties of ϕNBD→QC in Table 1 include contributions
from fitting and concentration, but the value of ϕNBD→QC in the
solar simulator contains an additional 10% uncertainty from
errors in the absolute photon flux measured with the SolarRad.

Photoconversion under Solar Spectrum Conditions.
In the solar simulator, light is emitted between 300 and 900
nm at different intensities. Figure 4 shows the absorbed photon

fraction spectrum (βNBD) of an 1.21 × 10−3 M NBD solution
in a 1 cm cuvette before irradiation (blue), the spectral flux of
the solar simulator at an irradiance of 640 W/m2 (black), and
their spectral overlap (red). From the overlap, it is observed
that photons between 300 and 400 nm contribute to the
photoconversion at this concentration and path length. The
spectral irradiance was measured with the SolarRad, and the
spectral flux was obtained by multiplying with the surface area
of one side of the cuvette used in the measurement (3.7 cm2).
To determine ϕNBD→QC in a polychromatic light source, it

would be ideal to keep βNBD = 1 at every wavelength of
interest, working in a total absorption regime. This would
allow direct measurements of the spectrally averaged ϕNBD→QC.
However, this cannot be achieved for the NBD derivative
studied here, as the onset of βNBD is at about 400 nm. An
alternative approach is to assume the quantum yield is
wavelength-independent between 300 and 400 nm, which is
done in eq 6.
A volume of 3.89 mL of the 1.21 × 10−3 M solution was

transferred to a 1 cm cuvette together with a 0.6 mm stirring
bar. The cuvette was placed sideways in a small open box with
one of the clear sides facing upward. The cuvette was fastened
to the box with a piece of tape. Aluminum foil was placed on
top of the box, and the box was placed on a stirring plate in the
center of the solar simulator directly under the lamp. The
stirring plate was set to a stirring rate of 900 rpm. The stirring
plate was covered with aluminum foil to prevent it from
overheating. Inside the solar simulator the foil covering the box
was removed, and the solution was irradiated for 5 s before the
foil was placed back on. The box was taken out of the solar
simulator, the cuvette was taken out of the box, and a spectrum
of the solution was recorded. This process was repeated up to
195 s of irradiation. Concentrations of NBD and QC in these
recorded spectra were determined from the absorbance at 368

nm. To obtain the pure NBD spectra, an additional spectrum
of NBD was recorded at a very low concentration (6.3 × 10−5

M) where the absorbance over the entire 300−400 nm region
was below one. In the spectrum of this low concentration
solution, the molar absorption coefficients of NBD were
determined at each wavelength. Pure absorption spectra of
NBD of the irradiated 1.21 × 10−3 M solution were then
obtained by multiplying the molar absorption coefficients with
the determined concentration of NBD. The absorbance spectra
were subsequently converted to βNBD using eq 2. The forward
and backward concentration gradients of NBD, with respect to
irradiation time, were obtained from a cubic spline
interpolation (0.01 s), and their average was used as the
concentration gradient. The concentration gradient was not
determined for the initial and last spectrum, where the forward
and backward gradient cannot be measured, respectively.
Figure 5 shows the concentration gradient of NBD against

the spectral overlap of βNBD and the solar simulator spectrum.

The concentration gradient is negative as the NBD
concentration is lowered over time and converges to zero at
equilibrium. Similarly, the spectral overlap is positive and
converges toward zero, as no more NBD is present and βNBD =
0. We see a good linear agreement, and multiplying the slope
with the sample volume and the Avogadro constant gives
ϕNBD→QC = 0.97 ± 0.14. The value is in reasonable agreement
with the solar-averaged value from the OPO laser of 0.87. The
difference likely arises in part due to the absolute uncertainty
of the SolarRad. Values of ϕNBD→QC measured with the OPO
laser were also performed at 293 K, while the temperature in
the solar simulator was ∼317 K. Additionally values of
ϕNBD→QC could only be averaged between 310 and 350 nm
in the experiments with the OPO laser, while in the solar
simulator, ϕNBD→QC is affected by all wavelengths between 300
and 400 nm.

Photodegradation Studies. Repeatability of the forward
and backward NBD/QC cycle is an important parameter in the
efficiency of a MOST fluid.28 In Figure 6 is shown the change
in the normalized absorbance of NBD/QC over several cycles
with different conditions. For the blue and red data points a 4.4
× 10−4 M solution was used. For the blue data points, a
spectrum of the NBD isomer was recorded prior to being

Figure 4. Absorbed photon fraction before irradiation (βNBD, 1.21 ×
10−3 M, 1 cm optical path length, blue), spectral photon flux of the
solar simulator (640 W/m2, black) and their spectral overlap (red).

Figure 5. Spectral overlap of the photon flux spectrum from the solar
simulator and βNBD (1.21 × 10−3 M) and the concentration gradient
of NBD. The spectral overlap and concentration gradients are shown
for irradiation times between 5 and 190 s.
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irradiated for 4 min in the solar simulator and a spectrum of
the QC isomer was recorded after irradiation. The solution was
then heated in an oven at 343 K for 12 h, at which subsequent
cycles were performed. For the red data points, the solution
was only heated. For the green data points a solution of 5.0 ×
10−4 M was used, with a longer irradiation time of 20 min and
the sample was heated for 23 h. The solar simulator had an
irradiance of 1000 W/m2 in all measurements. A slight solvent
evaporation of ∼0.1 and ∼1% was observed between cycles for
the 4.4 × 10−4 and 5.0 × 10−4 M solutions, respectively, and is
corrected for in Figure 6. Evaporation of the solvent
concentrates the solution, increasing the absorbance of NBD
and QC over time and the degradation rate would be
underestimated if not accounted for. The change in absorbance
with respect to the multiple cycles is fairly linear, and the
degradation rate is determined from the slope of the linear
trend. No thermal degradation could be observed (red trace),
as while the slope indicates a small increase in absorbance
(0.3%/cycle) the uncertainty of the slope exceeds it (±0.6%/
cycle). For the blue trace, we observe a decrease in the NBD
absorbance of 0.5%/cycle and an increase of 0.4%/cycle after
irradiation. For the green trace, where a longer irradiation time
was used, the larger decrease of NBD per cycle at 1% and an
increase of 1.4% after irradiation were observed. Our
degradation rate is in good agreement with previous work by
Wang et al.18 They measured the degradation of NBD at 0.14%
per cycle over 43 cycles of the NBD derivative used here, also
dissolved in degassed toluene. Our degradation rate is slightly
higher, likely due to us using a higher concentration than Wang
et al., who used a solution of 0.7 × 10−4 M. In addition, our
experiments were performed at a higher light intensity and
over a wider range of light (300−900 nm), whereas Wang et al.
used a 310 nm LED. The wide range of light used here might
have some effect on the degradation than if performed with
monochromatic light. The larger degradation rates we observe
at higher concentrations relative to that of Wang et al. seem to
indicate some intermolecular reactions, likely cycloadditions
between NBDs.

■ CONCLUSION
We have investigated the photoconversion of a p-methox-
yphenyl and cyano-substituted norbornadiene/quadricyclane
couple. Photoisomerization quantum yields (ϕNBD→QC) of

NBD to QC conversion were determined monochromatically
with an OPO laser and over a simulated solar spectrum with a
solar simulator. Calibration of the pyroelectric sensor used to
measure laser intensities was tested against that obtained
through ferrioxalate actinometry. Good agreement was
observed between the two methods with less than a 4%
deviation. At 340 nm irradiation, values of ϕNBD→QC between
0.91 and 0.79 were observed at concentrations between 1.06 ×
10−3 and 1.02 × 10−1 M, respectively. Our work has revealed a
relevant effect to take into account when studying photo-
isomerizations at higher concentrations. Thus, at high
concentrations it is likely to be more important to correct
for the competing absorption of the QC photoisomer when
evaluating the photoisomerization quantum yield as it would
otherwise become underestimated. This effect is not due to a
concentration dependency of the quantum yield; however, it
needs to be generally considered when studying photochromic
pairs at high concentrations�as it is desirable to do for
relevant MOST systems for future applications. These results
also highlight the importance of developing MOST systems,
where the solar spectrum overlap with the metastable isomer is
minimal, especially as concentrations and energy densities are
increased. At a concentration of 1.02 × 10−1 M, additional
photoreactions are postulated to occur. This is due to a
quadratic tendency in the residual plot of NBD to QC
conversion at this concentration, which is not observed at
lower concentrations. As this trend is only observed in a highly
concentrated solution, the likely side products are suspected to
result from NBD oligomerization.
The wavelength dependence of ϕNBD→QC was measured

between 310 and 350 nm with a tunable OPO laser, in steps of
10 nm, and was observed to vary between 0.82 and 0.96,
though no clear trend was observed. By weighting these
wavelength-dependent values of ϕNBD→QC with the spectral
distribution from the solar simulator, a solar averaged value of
0.87 ± 0.03 was obtained in the interval of 310−350 nm. The
determination of ϕNBD→QC was also performed directly inside
the solar simulator. With a solution of 1.21 × 10−3 M in a 1 cm
cuvette, the spectral overlap of the absorbed photon fraction
profile of NBD with the spectrum of the solar simulator
showed that photons between 300 and 400 nm were driving
the photoisomerization reaction. By the method, we move
forward in this work; a photoisomerization quantum yield of
0.97 ± 0.14 was obtained using the solar simulator, in good
agreement with the solar-averaged value of 0.87 ± 0.03. To our
knowledge, a successful determination of ϕNBD→QC in
simulated sunlight has not been published before for a
MOST fluid. These studies are important for the ultimate
use of MOST systems in real applications. Degradation of
repeated NBD/QC cycles was followed at 360 nm over five
photothermal conversion cycles. Evaporation of the solvent
was measured between cycles, and the recorded spectra were
corrected. No thermal degradation was observed, but a
photodegradation of NBD of 0.5%/cycle. With a longer
irradiation time of 20 min, a higher photodegradation of 1.0%/
cycle was observed. The photodegradation rate is higher than a
previous study of this NBD/QC system but is here also
performed using a higher concentration. This indicates that
formation of some of the degradation products is being
concentration dependent, indicating intermolecular reactions.

Figure 6. Normalized absorbance at 360 nm of repeated NBD/QC
conversion of a 4.4 × 10−4 M solution after 4 min irradiation in the
solar simulator and 12 h heating at 343 K (blue) and without
irradiation (red), recorded with a 1 cm cuvette. NBD/QC conversion
of a 5.0 × 10−4 M solution after 20 min irradiation and 23 h heating at
343 K (green), recorded with a 0.101 cm cuvette. Solar simulator set
at 1000 W/m2 irradiance.
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