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studies of phase transitions by powder diffraction have been
recognized (Miiller et al., 2009). Furthermore, area detectors
(such as CCDs) offer a number of advantages, for example
short exposure time, applicability to imperfect powder
samples (e.g. with preferred orientation and/or large grain size,
single-crystal spots etc.) and in-situ studies (Svensson et al.,
1997).

One of the well known solid-state reactions is the photo-
dimerization of organic compounds, which recently has been
of interest because of its important applications, such as
selective organic syntheses and optical data storage devices
(Turowska-Tyrk, 2004; Feringa et al., 2000). The nature of the
solid state requires a minimum amount of molecular move-
ments for a reaction to occur. Schmidt (1971) proposed a
topochemical rule for solid-state reactions, where the nearest-
neighbouring double-bond distance should be around 4.2 A.

Anthracene derivatives undergo a [47w +4m] photo-
dimerization across the 9,10-positions of anthracene rings
upon illumination of light at A > 300 nm. The dimer phase can
be reversed into its initial monomers thermally or by illumi-
nation of light at A < 300 nm (Bouas-Laurent et al., 2000;
Bratschkov et al., 2001) as shown in Fig. 1, which is considered
to be a unique property of anthracene derivatives. Hence, a
wide variety of applications in different fields was developed,
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optical storage memory devices (Dvornikov & Rentzepis,
1996). Further applications such as scintillation counters are
well known due to the work of Bell (1948).

Kinetic analysis can be performed by measuring the
converted fraction of a material as a function of illumination
time (Kim et al., 2003). Recently, kinetic models were reported
for [2m + 2] and [47 + 4] photodimerization in the solid
state using the JIMAK (Johnson-Mehl-Avrami-Kolmogorov)
model (Benedict & Coppens, 2009; Moré et al., 2010).

The fraction of the product (dimer) phase can be obtained
accurately by Rietveld quantitative analysis of X-ray powder
diffraction data (Madsen & Scarlett, 2008). Stinton & Evans
(2007) introduced the parametric Rietveld refinement, which
allows all powder patterns to be included in a single refine-
ment. Moreover, the parameters of the JMAK equation can
be obtained directly, which showed many advantages versus
the sequential refinement, as long as a physically meaningful
model is used. It is more accurate and sensitive to lower weight
fraction concentration (Miiller et al., 2009).

Here we present the solid-state [47 + 4] photodimeriza-
tion reaction of 9-MA (Fig. 1). Turowska-Tyrk & Trzop (2003)
reported the structural transformations in a single crystal
during photodimerization. Due to the single-crystal disin-
tegration, the reaction was limited to 28% completion. Take-
goshi et al. (1998) showed that the reaction takes place at
defects of the crystal in the monomer phase. Therefore,
comprehensive knowledge of the solid-state reaction kinetics
is needed. The aim of the present study is to obtain the kinetics
parameters of the crystalline 9-MA photodimerization of bulk
material at a much higher level of completion using the JIMAK
equation.

2. Experimental

9-MA powder (98% pure; Wako Chemical Co., Japan) was
purified by recrystallization from acetone and hexane solvents,
and then was ground by hand in an agate mortar and pestle.

X-ray powder diffraction measurements: The experiment
was performed at the X-ray time-resolved beamline (NW14A)
at the Photon Factory Advanced Ring (PF-AR), KEK, Japan,
which has double undulators (U36 and U20) with different
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Figure 1
Photodimerization diagram of 9-MA.

period lengths, covering an energy range of 5-25keV of
different harmonics. Details of the beamline have been
reported previously (Nozawa et al., 2007). The X-ray beam
was set to an energy of 18.0 keV (A = 0.689 A) Approximately
1-2 mg of samples were filled into borosilicate glass capillaries
(Hilgenberg, Germany) with a diameter of 0.4 mm, and
mounted on a horizontal phi axis with the sample spun for
better counting statistics. Debye-Scherrer powder rings were
collected at room temperature using a Mar165 CCD detector
with 2048 x 2048 pixels and 80 pm x 80 pm pixel size. The
sample-to-detector distance was set to 150 mm.

The photodimerization reaction was triggered in situ by a
Xenon lamp, equipped with a visible mirror module (385-
740 nm; MAX-301, 300 W; Asahi Spectra). The temperature
was measured to be ~ 303 K and the radiation power was
~ 24 mW mm ? at the sample position.

The UV-vis absorption spectra were taken using a Varian
Cary 50 Conc spectrophotometer in a cyclohexane solution.
IR spectra were recorded on a Shimadzu IR Prestige-21 FTIR
spectrometer by dispersing samples in KBr pellets.

3. Data analysis

The powder diffraction rings were converted to the standard
one-dimensional data profile (20 versus intensity) using Fif2D;
the beam centre shadows were masked and the Fir2D
geometrical correction was applied (Hammersley et al., 1996).
The sample-to-detector distance was calibrated by a standard
Si powder to be 148.9 mm. The data presentation was carried
out using WinPLOTR (Roisnel & Rodriguez-Carvajal, 2000)
and Powder3D (Hinrichsen et al., 2006).

3.1. Kinetic analysis based on the JMAK equation

The progress of a phase transformation reaction can be
described by several steps: initially small domains of the
product phase are formed within the parent phase, which is
called nucleation. Nucleation can be heterogeneous if it occurs
at specific locations in the parent phase, such as crystal defects,
or homogeneous if its occurrence is simultaneous in the entire
volume of the parent phase.

In order to understand the nature of the Kkinetics, infor-
mation about the behaviour of nucleation and growth with
time is needed (Jena & Chaturvedi, 1992). The JMAK model
was developed by Johnson & Mehl (1939), Avrami (1939) and
Kolmogorov (1937), and is widely used to describe the kinetics
of different reactions. These transformations often follow a
characteristic s-shaped or sigmoidal curve. The JMAK equa-
tion for an isothermal transformation can be written as

x(t) =1 — exp(—(k1)") 1
and equivalently by
In(—In(1 — x)) = nln(t) + nlnk. 2)

A plot of equation (2) is called a Sharp-Hancock plot
(Hancock & Sharp, 1972) and yields a straight line with a slope
that is equal to n and an intercept equal to n In (k), where ¢ is
time and x(¢) is the evolved fraction of the product phase, k
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(s7!) is the reaction rate constant and n is the Avrami expo-
nent. A comprehensive review of the development and deri-
vation of this equation can be found elsewhere (Christian,
1981).

In general, the value of k depends on the nucleation and
growth rates and is sensitive to temperature. The Avrami
exponent n, the order of the reaction, describes the dimen-
sionality of the growth of the product phase; » in the original
model should be an integer number between 1 and 4, where
3 <n <4 for polyhedral or three-dimensional growth, 2 <n <
3 for plate-like or two-dimensional growth and 1 < n < 2 for
one-dimensional growth, like rods or needles. Fractions and
half integer values have been reported in many cases with
successful interpretation (Lopes-da-Silva & Coutinho, 2007
Bertmer et al., 2006; Kim et al., 2005).

The Avrami exponent n is described by equation (3)
(Starink, 1997; Miiller et al., 2009), where Ny, is the dimen-

(a) “

Figure

Crystal structure of (a) the 9-MA monomer phase and (b) the 9-MA
dimer phase.

Figure 3
Rigid body of the monomer molecule.

sionality of the crystal growth, g relates to the mechanism of
growth with the value 1 for linear growth (interface-controlled
process) or 1/2 for a diffusion-controlled process. B refers to
the nucleation rate and is O in the case of site saturation (no
nucleation during the transformation), B = 1 for continuous
nucleation (at constant nucleation rate), B > 1 for an
increasing nucleation rate, and B < 1 for a decreasing
nucleation rate

n = Ngn g + B. @)

3.2. Parametric refinement

Quantitative Rietveld refinements were performed using
the TOPAS software in launch mode (Bruker AXS, 2009). For
the refinements the monomer and the dimer molecules (Fig. 2)
were given in the form of rigid bodies (Figs. 3 and 4) in z-
matrix notation which were generated using CIFs (Turowska-
Tyrk & Trzop, 2003). The orientation of the rigid bodies was
determined and refined using patterns with a high amount of a
particular phase and then kept constant for further refine-
ments.

In order to compensate orientational effects of the powder,
a spherical harmonics function of the order four was used for
each phase. Apart from that lattice parameters were refined.
In the case of the monomer phase the crystallite size was also
refined using the same value for Lorentzian and Gaussian
fractions in each pattern. As a first step, traditional sequential
Rietveld refinements were performed. Results showed that
the evolution of the phases can be described using the JIMAK
equations (1) and (2). This fact was used in parametric Riet-
veld refinement. In that case the scale factor was para-
meterized using the JMAK equation to describe the
emergence of the dimer phase, as shown in equation (4);
details about this equation can be found in Miiller et al. (2009).

§ — —SaMyV glexp(—k(1)")]

4)

" My Vilexp(—k(0") =117

Figure 4

Rigid body of the dimer molecule. Due to symmetry constraints only one
half of the molecule is necessary within the rigid body. The remaining part
of the molecule is generated by symmetry.
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9,10-substitution during the
dimerization process (Singh &
Sandorty, 1969).

Fig. 7 shows the time-resolved
three-dimensional plots of the
diffraction patterns. Fig. 8 illus-
trates the propagation of a typical
Bragg diffraction peak during the
photoreaction. Dimer peaks start
to appear clearly after 30 min. The
distinctive peak of the dimer
phase around 26 (6°) starts to
increase noticeably with time.

More accurate and specific
interpretation was given by the
quantitative Rietveld refinements.

20 (deg.)
Figure 5

Powder patterns of 9-MA before the photo-excitation (solid line) and after 9 h of illumination (dotted

line).

where S, is the scale factor of the monomer phase, S, the scale
factor of the dimer phase, k and n are parameters of the
JMAK equations (2) and (3), Mg is the mass of unit cells of the
dimer phase and M, of the monomer phase, V4 and V, are the
volumes of the unit cells of the dimer and monomer phases,
respectively, and ¢ is the exposure time. In the parametric
refinement for both phases the same parameters were refined
as in the previous sequential refinement. The values of #» and k
can most easily be obtained using a Sharp—Hancock plot
(Hancock & Sharp, 1972). An example of an input file of
parametric Rietveld refinement can be found in the supple-
mentary information. The experimental details are given in
Table 1"

4. Results and discussion

The powder patterns obtained from in situ photoexcitation of
a 9-MA sample show the appearance of the 9-MA dimer phase
(Fig. 5). Quantitative phase analysis was performed using the
structural parameters from a single-crystal refinement
(Turowska-Tyrk & Trzop, 2003).

UV-vis and IR spectroscopic results for the illuminated
sample also indicate the presence of the 9-MA dimer (Fig. 6).
UV-vis spectra showed the disappearance of the absorption
peaks of the monomer phase between 350 and 400 nm as
shown in Fig. 6(a), which can be considered as an indicator for
the formation of the dimer phase (Tillman et al, 2007). A
comparison of IR measurements of the original and the illu-
minated sample shows that the band at 884 cm™' is missing in
the illuminated one as shown in Fig. 6(b). This is caused by the

! Supplementary data for this paper are available from the IUCr electronic
archives (Reference: KD5063

In Fig. 9 an example of the Riet-
veld refinement is given. Fig. 10
shows a comparison of the evolu-
tion of the weight fraction for the
monomer and dimer phases with
time. The results of sequential and
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(a) UV-vis spectrum of 9-MA (solid line) and the irradiated sample
(dotted line). (b) The selected range of the IR spectra of 9-MA shows the
disappearance of the band at 884 cm ™" for the illuminated sample (dotted
line).
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Table 1
Experimental details.

For allostructures: monoclinic, P2,/c. Experiments were carried out at 303 K with synchrotron radiation, A =

0.689 A using a MarDTB diffractometer at NW14A beamline. Refinement was on 37 parameters.

Monomer phase

Dimer phase

Crystal data
Chemical formula
Mr

a, b, c (A)

B()

V (A%

Z

Specimen shape

Data collection
Specimen mounting
Data collection mode
Scan method

26 values (°)

CisHyp

192.25

8.679 (3), 14.402 (3), 8.026 (2)
96.95 (3)

995.8 (5)

4

Cylinder

Capillary

Transmission

Fixed

20min =0, 2emax =30, 2Hstep =
0.0146

parametric refinements show good
agreement. The dimer fraction
reached 63.87 wt % after 9 h.

The curve of photodimerization
(Fig. 10) suggests that the JMAK
model is applicable to describe this
transformation. Additionally, other

C30H24
384.49 experiments in the literature showed
?‘1855} 4(2&’)13'285 (3), 81301 (17) similar curves for 9-MA dimerization
9632 (4) (see Takegoshi et al, 1998). It is
2 notable in the plot of the parametric
Cylinder refinement results (Figs. 10 and 11)
that all the points are compelled to lie
Capillary on the JMAK model function.
Eir::;mi“ion Table 2 gives a comparison of

29111in =0, 2emax =30, 2'eslep =
0.0146

[}

Avrami constants ‘n’ and ‘k’ as
obtained directly from the parametric

Refinement
R factors and goodness-of-fit R, =250, Ry, = 3.28, Reyp =

10.133, x* = 0.109

Ry =250, Ryp = 328, Reyp =
10.133, x* = 0.109

refinement results and using a fit of
the Sharp-Hancock plot for sequen-
tial refinement (Fig. 11). The differ-

No. of data points 1707 1707 ence in »n values is within
experimental error. This suggests the
following kinetic model: one-dimen-
sional diffusion-controlled growth

Table 2 with a decreasing rate, and hetero-

Comparison of Avrami constants ‘»’ and ‘k’ as obtained directly from the
parametric refinement results and using a fit of the Sharp—Hancock plot
for sequential refinement (Fig. 9).

n k(s™) Ryp
Parametric refinement 0.599 (4) 297 (3) x 107° 3.29
Sequential refinement 0.618 (7) 3.02(5) x 107° 2.84-5.62

Time (minute)

26 (deg.)

Figure 7
Three-dimensional plot showing a cut out of the time-resolved three-
dimensional plot of the diffraction patterns.

geneous nucleation.

We interpreted our data based on the JMAK model. It was
noted that the Avrami parameter n can be smaller than 1 (Kim
et al., 2005; Todinov, 1996; Starink, 1997), which might indicate
the nucleation rate was decreasing with reaction time, which
was reported in similar cases, for instance in the photo-
dimerization of a-trans-cinnamic acid (Bertmer et al., 2006).

Hulbert (1969) reported that the Avrami exponent n can
vary between 0.5 and 1.5 in the case of one-dimensional
diffusion-controlled reactions, n is close to 0.5 for instanta-
neous nucleation and close to 1.5 if the nucleation rate is
constant. Applying our suggested kinetic model to equation

140 —

110 —

Time (minute)
o
(=]

50 |—
20 I I E ]
3.06 5.53 8.02 13.01
20O (deg.)
Figure 8

Waterfall presentation of the propagation of typical Bragg diffraction
peaks. Shows the most prominent peak of the dimer phase (26 = 6°).
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Figure 9

Rietveld plot of the full quantitative Rietveld refinement of 9-MA transformation from the monomer to

the dimer phase after 9 h (9mai_49).
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Comparison of the weight fraction progress with time obtained for the
monomer and dimer phase in sequential and parametric Rietveld
refinement.
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Figure 11

Comparison of the Sharp-Hancock plot of the values obtained in
sequential and parametric Rietveld refinement.

(3) shows agreement between the
obtained values of n (Table 2) and
the result of Hulbert (1969), which
can be rationalized as follows: In our
case Ny is equal to 1 for one-
dimensional growth, while g = 0.5 for
a diffusion-controlled process and B
< 1, which indicates a decreasing
nucleation rate. Substitution of these
values in equation (3) gives 0.5 + (B
< 1) = n, which indicates that the
equation would be correct for 0.5 <n
< 1.5. This agrees with the n values
obtained (Table 2).

Photodimerization often has a
heterogeneous character (Moré et
al., 2010). It was mentioned (Lopes-da-Silva & Coutinho,
2007; Sperling, 1992; Keith & Padden, 1964) that the rather
low values of n refer to heterogeneous nucleation, which can
be explained as a result of nucleation at crystal defects such as
grain boundaries, dislocations or stacking faults (Jena &
Chaturvedi, 1992). In addition, Wernick & Schochet (1988)
and Takegoshi et al. (1998) showed that the dimerization of 9-
substituted anthracene is initiated at crystal-defect sites and is
not a homogenous process.

Based on the above-mentioned discussion we summarize
our suggested model for the kinetics of the 9-MA photo-
dimerization reaction as follows. The reaction starts by the
absorption of light in the parent phase (monomer) to initiate
nucleation of the dimer phase. The required free energy for
the nucleation process varies with different crystal locations
and those possessing the least energy are the preferential sites,
so the defect locations are preferred (Jena & Chaturvedi,
1992). Once the nuclei of the product phase are formed, the
progress of the growth takes place controlled by the rate at
which the atoms diffuse in the parent phase. With ongoing
illumination the nuclei of the dimer phase grow and conse-
quently the fraction of the dimer phase increases while the
fraction of the untransformed phase decreases.

Monomer 36.88 %
Dimer

63.12%

I TIU LI pau L I
16 17 18 19 20

5. Conclusion

We performed a time-resolved X-ray powder diffraction study
of 9-methylanthracene during [47 + 4] photodimerization,
which is a typical example of a solid-state photodimerization
reaction, and has previously been studied using single crystals
(Turowska-Tyrk & Trzop, 2003). The study overcomes the
drawbacks of single crystals by the application of powder
diffraction, taking advantage of fast full quantitative para-
metric Rietveld refinement of bulk material using CCD area
detectors and synchrotron light.

The JMAK model can give valuable information about
phase transformation kinetics, which can be extracted directly
from parametric Rietveld refinement with high accuracy.

The suggested kinetic model for 9-MA photodimerization
comprises a heterogeneous decreasing nucleation which is
followed by diffusion-controlled growth.
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