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Detailed analysis of the induction period of polymer crystallization by depolarized light scattering

Go Matsuba,* Keisuke Kaji,† Toshiji Kanaya, and Koji Nishida
Institute for Chemical Research, Kyoto University, Gokasho, Uji, Kyoto-fu 611-0011 Japan

~Received 27 December 2001; published 10 June 2002!

In order to clarify the structure formation processes in the induction period of polymer crystallization the
annealing time dependence of depolarized light-scattering~DPLS! intensities has been investigated as a func-
tion of crystallization temperature for poly~ethylene terephthalate!, poly~ethylene naphthalate!, syndiotactic
polystyrene, and isotactic polystyrene. It is found that the induction period may be separated into three stages:
the first stage where the DPLS intensity hardly changes with time, the second stage where the intensity
increases exponentially, and the third stage where it levels off. Considering that the DPLS provides information
about the degree of parallel orientation of rigid polymer segments, the first stage whose time length depends on
the annealing temperature may be assigned to a process where the polymer chains begin to partially assume a
rigid conformation, generally a helical structure being almost the same as the structure in the corresponding
crystal. This process is limited to a time when the average length of the rigid segments attains a critical value
given by a Shimada, Doi, and Okano theory@J. Chem. Phys.88, 7181~1988!# above which spinodal decom-
position~SD! is caused. The second and third stages correspond to the early and late stages of SD, respectively,
which was confirmed by small-angle x-ray scattering measurements. The apparent activation energies obtained
from the temperature dependence of the DPLS intensities for the three stages were 35–40, 25–50, and
180–400 kJ/mol, respectively, for all the polymers. The large apparent activation energies for the late stage of
SD is discussed within a framework of Binder and Stauffer’s theory@Phys. Rev. Lett.33, 1006~1974!#.

DOI: 10.1103/PhysRevE.65.061801 PACS number~s!: 61.41.1e, 68.65.2k, 61.20.Lc
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INTRODUCTION

Polymer crystallization processes have been studied f
long time. Of these, what happens during the induction
riod before crystal nucleation is one of the important u
solved problems in polymer physics. More than ten ye
ago, we discovered a surprising phenomenon using sm
angle x-ray scattering~SAXS! @1–6#, small-angle neutron
scattering@3,5,6#, and depolarized light-scattering~DPLS!
@3–6# techniques that a spinodal decomposition~SD! type of
microphase separation, whose characteristic waveleng
longer than the so-called long period, actually occurs dur
the induction period of crystallization just above the gla
transition temperatureTg for poly~ethylene terephthalate!
~PET!. Such spinodal decomposition has been underst
based on a kinetic theory for the isotropic-to-nematic tran
tion of polymer liquid crystal by Shimada, Doi, and Okan
@7–10#. They showed that the SD-type microphase sepa
tion is caused by orientation fluctuations of rigid polym
segments which are coupled with density fluctuations. In
connection, we also investigated the crystallization proces
just above the glass transition temperatureTg for syndiotac-
tic polystyrene~sPS! @11#, isotactic polystyrene~iPS! @12#,
and poly~ethylene naphthalate! ~PEN! @13,14#, where we
have successfully showed by using time-resolved Fou
transform infrared~FTIR! spectroscopic and depolarize
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light-scattering~DPLS! techniques that the SD is triggere
by the extension of rigid segments caused by the confor
tional change from an amorphous to crystalline one. As w
described above, the structure formation in the early stag
SD could be explained using the kinetic theory by Shima
Doi, and Okano@7–10# for the isotropic-to-nematic transi
tion of liquid-crystalline polymer. However, the time evolu
tion of density fluctuations in the late stage of SD due
orientation fluctuations has never been explained.

The aim of this paper is to experimentally clarify th
structure formation in the induction period of crystallizatio
especially the orientational ordering process of polym
chains, when the polymer is crystallized just aboveTg from
the glassy state. For this purpose, we have performed D
measurements on PEN, PET, sPS, and iPS when they
annealed just aboveTg from the glassy state. We calculate
the apparent activation energy with Arrhenius plot from t
annealing temperature and time dependence of the integr
intensity of time-resolved DPLS.

EXPERIMENT

The polymers used for this paper were isotactic polys
rene ~iPS!, syndiotactic polystyrene~sPS!, poly~ethylene
terephthalate! ~PET!, and poly~ethylene naphthalate! ~PEN!.
The number-average molecular weightsMn of these samples
are 4.03105, 2.93105, 4.53104, and 6.73104, respec-
tively, and the polydispersity,Mw /Mn , of every sample is
about two. The glass transition temperatures were de
mined with Perkin-Elmer DSC-7 at a scanning rate 5 °C/m
and obtained as 100 °C for iPS and sPS, 75 °C for PET,
110 °C for PEN. Amorphous thin films of these polyme
were made by quenching their melts into ice water after
ing kept for 5 min at about 40 °C aboveTm to remove the
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MATSUBA, KAJI, KANAYA, AND NISHIDA PHYSICAL REVIEW E 65 061801
memory in the polymer samples. In order to remove wa
all the samples were dried for one day under vacuum at ro
temperature.

The time-resolved DPLS measurements were also car
out under annealing conditions just aboveTg for all the
samples. The samples were irradiated by a plane-polar
He-Ne laser (l5632.8 nm) on a hot stage and the scatter
light intensity under depolarized conditions was recorded
a photodiode array system at an interval of 0.5 min.

RESULTS

Estimation of the induction period of crystallization

Figure 1 shows the annealing timet dependence of crys
tallization isothermf(t) for PEN ~a!, PET ~b!, sPS~c!, and
iPS ~d! measured by differential scanning calorimetry~DSC!
as a function of annealing temperature aboveTg . The crys-
tallization isotherm was calculated according to the follo
ing equation:

FIG. 1. Annealing time dependence of crystallization isothe
f(t) for PEN ~a!, PET ~b!, sPS~c!, and iPS~d! when jumped to
given annealing temperatures from the glassy state.

TABLE I. Lengths t ind of the induction period determined b
DSC for PET, PEN, sPS, and iPS as a function of annealing t
perature.

Polymer T ~°C!
t ind

~min! Polymer T ~°C!
t ind

~min!

PET 95 150 PEN 145 150
100 60 150 70
105 20 155 25
110 10 160 10

sPS 115 110 iPS 130 150
118 65 135 70
120 30 140 25
123 10
06180
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~dHt /dt!dt

, ~1!

where dHt /dt is the rate of evolution of heat. During th
induction period, neither exotherm nor endotherm is o
served at all the conditions. For example, in the case of P
@Fig. 1~a!# the so-called induction period of crystallization
10, 25, 70, and 150 min when annealed at 160, 155, 150,
145 °C, respectively. Table I summarizes the induction
riod t ind as a function of annealing temperature for all t
polymers.

Parallel orientational ordering from DPLS measurements

According to Koberstain, Russel, and Stein@15# the Ray-
leigh factorR1(q) for depolarized light scattering from so
ids having randomly correlated orientation fluctuations c
be expressed by

R1~q!5S v

c D 4 ^d2&
15 E

0

`

g~r !
sin~qr !

qr
~4pr !dr, ~2!

whereq (54pn sinu/l) is the length of scattering vector,n,
2u andl being the refractive index of the medium, the sc
tering angle, and the wavelength of light, respectively,v is
the angular frequency of incident radiation,c is the velocity
of light, ^d2& is the mean-square anisotropy, andg(r ) is the
function of orientation defined asg(r )5(3^cos2 fij&r21)/2,
wheref i j is the angle between the optical axes of thei th and
j th elements@15#. The integrated intensity due to the orie
tation fluctuationsI 1 is given by

I 15E
0

`

R1~q!q2dq5
2p2

15 S v

c D 4

^d2&. ~3!

These Eqs.~2! and ~3! give us a basis for interpretations o
the results on the depolarized light-scattering measureme

Figure 2 shows the semilogarithmic expression of tim
evolution of the DPLS intensity of PEN when annealed
150 °C as a function of scattering vectorq. The induction
period at this condition is about 70 min as seen from F
1~a!. The intensity of DPLS increases rapidly even in t
induction period of crystallization, suggesting that the par
lel ordering of polymer segments proceeds before cry
nucleation. We also notice that such ordered domains
much smaller than the wavelength of He-Ne laser lightl
5632.8 nm) because the DPLS profiles during the induct
period is almost independent ofq. After the crystal nucle-
ation, the scattering profiles becomeq dependent, indicating
that the size of orientated domains or their aggregates
come comparable to theq range.

Figure 3 shows the time dependence of the integrated
tensity of DPLS for PEN films when annealed at 150 °C.
the first stage, or the very early stage until about 2.0 min,
growth rate of the integrated intensity is very slow, and t
intensity of the IR band originated from noncrystallinetrans
conformation hardly increases as described in the prev

-
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DETAILED ANALYSIS OF THE INDUCTION PERIOD . . . PHYSICAL REVIEW E65 061801
paper@14#. In the second stage between 2 and 10 min,
integrated intensity increases exponentially. This is one
characteristic features of SD in the kinetic theory
isotropic-to-nematic transition of liquid crystals@7–10# as
well as of the early stage~SD! in the usual phase separatio
theory by Cahn and Hilliard@16,17#. In the third stage be-
tween 10 and 70 min, the integrated intensity curve tend
level off. The cause for the leveling off may be consider
due to the entanglement effect which suppresses the orie
tion of rigid segments. After the initiation of crystallizatio
at 70 min, which was determined by DSC measureme

FIG. 2. Depolarized light-scattering profilesI (q) of PEN film
when annealed at 150 °C as a function of annealing time.

FIG. 3. Annealing time dependence of the integrated intensit
depolarized light scattering~DPLS! for PEN when annealed a
150 °C. The inset is the enlargement of the first and second st
of the induction period.
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~Table I!, the integrated intensity also begins to increa
again; this may be due to the growth of oriented crystall
domains. From the time dependence of the integrated DP
intensity we can conclude that the induction period of cr
tallization is separated into three stages.

Figure 4 shows the annealing time dependence of the
tegrated intensity of DPLS for PEN films as a function
annealing temperature. Here, the data for 150 °C in Fig.
also shown with a dotted line. The arrows indicate the st
ing times of crystallization determined by DSC for 150 a
155 °C though the time~150 min! for 145 °C is not shown
here since it is out of the scale. The two vertical lines rev
that the induction period can be separated into three sta
The time evolution of the integrated intensity until 25 m
before crystallization is almost independent of anneal
temperature, but after 25 min the integrated intensity
clearly annealing temperature dependent. It increases m
rapidly at higher temperatures, which may be due to the
crease in orientational diffusion rate of larger rigid segmen
On the other hand, we have studied the time evolution
density fluctuations of a PEN glass when it was anneale
155 °C by SAXS@13#, revealing that the structure formatio
process during the induction period can be explained b
mechanism of spinodal-decomposition~SD!-type micro-
phase separation. Taking account of this result, it is presu
that the second stage and the third stage correspond to
early stage and the late stage of SD, respectively. Actua
the time evolution of the integrated intensity in the seco
stage shows an exponential growth which is characteristi
the early stage of SD. However, we cannot confirm the th
stage because we do not know how the orientation fluc
tions grow with time in the late stage.

f

es

FIG. 4. Annealing time dependence of the integrated intensity
DPLS for PEN as a function of annealing temperature: 155~s!,
150 ~¯!, and 145 °C~n!. Arrows indicate the times at which crys
tallization begins though that for 145 °C is out of the scale. T
inset is the enlargement until the initial 10 min.
1-3
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MATSUBA, KAJI, KANAYA, AND NISHIDA PHYSICAL REVIEW E 65 061801
Similar experiments as a function of annealing tempe
ture have been carried out for PET, sPS, and iPS as we
every case, the DPLS intensity was independent of the s
tering vectorq and increases with annealing time in the i
duction period, suggesting that the sizes of orientated
mains are much smaller than the wavelength of the used
and that the parallel orientation of polymer chain segme
proceeds before crystal nucleation, respectively. Hence, a
orientation index of chain segments, we can use the i
grated intensity in the presentq-rangeI 1 @Eq. ~3!# also for
these polymers. Figures 5, 6, and 7 show the time and t
perature dependence of the integrated intensity of DPLS
tensity for PET@4,6#, sPS@7#, and iPS@8# when they were
annealed just aboveTg . The arrows in these figures indica
the starting times of crystallization determined by DS
which are listed in Table I. We analyzed the time depende
of the integrated intensity in the induction period in the sa
way as in the case of PEN. In the first stage, the integra
intensity hardly increases as shown in the insets of Figs. 5
and 7. In the second stage, each integrated intensity incre
exponentially, but it somewhat depends on the annea
temperature in these cases. In the third stage, the increa
rate of each integrated intensity strongly depends on the
nealing temperature. The annealing temperature depend
is very similar to the case of PEN crystallization. When cry
tallization starts, the integrated intensity also begins to
crease more rapidly because of the growth of crystalline
ented domains as in the case of PEN. The steeper increa
intensities are consistent with the starting times of crysta
zation obtained by DSC measurements. It is therefore nat
to consider that the increase of DPLS intensities after c
tallization is caused by the growth of crystalline aggrega

FIG. 5. Annealing time dependence of the integrated intensit
DPLS for PET as a function of annealing temperature: 110~s!, 105
~3!, 100 ~1!, and 95 °C~d!. Arrows indicate the times at which
crystallization begins. The inset is the enlargement until the ini
10 min.
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DISCUSSION

As described in the previous section, we have separa
the induction period into three stages which are defined
the time domains corresponding to the initial step where
integrated intensity of DPLS hardly changes, the subsequ
step where the integrated intensity grows exponentially w
time, and the last step where the intensity levels off. In t
section, we analyze the temperature dependences of th
tegrated intensities in these stages using Arrhenius equa
in order to clarify the structure, formation processes dur

f

l

FIG. 6. Annealing time dependence of the integrated intensity
DPLS for sPS as a function of annealing temperature: 123~d!, 120
~n!, 118 ~s!, and 115 °C~3!. Arrows indicate the times at which
crystallization begins. The inset is the enlargement until the initia
min.

FIG. 7. Annealing time dependence of the integrated intensity
DPLS for iPS as a function of annealing temperature: 140~3!, 135
~d!, and 130 °C~s!. Arrows indicate the times at which crystalli
zation begins. The inset is the enlargement until the initial 10 m
1-4



DETAILED ANALYSIS OF THE INDUCTION PERIOD . . . PHYSICAL REVIEW E65 061801
FIG. 8. Annealing temperature dependence of the growth rate for each stage for PEN~a!, PET~b!, sPS~c!, and iPS~d!. ~n!: the growth
rate in the first stage,~d!: in the second stage, and~s!: in the third stage.
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the induction period. The physical meanings of these sta
will be discussed later.

Estimation of activation energies

Here it is assumed that the rateR1 corresponding to the
first stage is proportional to a reciprocal of the length of
first stage,t1

21, i.e., R1}t1
21 because in this stage orient

tional fluctuations hardly occur. Then, the activation ener
DE1 , can be calculated by

R15R10exp~2DE1 /kBT!, ~4!

wherekB is the Boltzmann’s factor andR10 is a coefficient.
Furthermore, it is assumed that both the ratesR2 and R3
corresponding to the second and third stages are equal t
increasing rates of the integrated intensities:Rx

5]I 1(t,T)/]t. Then, the activation energies,DEx , for these
stages are given also by Arrhenius-type plot

Rx5Rx0 expS 2
DEx

kBT D , ~5!
06180
es

e
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whereRx is the growth rate of the integrated intensity for th
second (x52) or third (x53) stage of the induction period
In order to show the practical method how to estimate
growth rates for these stages, an example for PEN w
annealed at 150 °C is given also in Fig. 3. The annea
temperature dependences of the growth rates for these
stages are shown for all the samples in Fig. 8, and the re
ing activation energies are listed in Table II. Using the
results we will discuss the three stages of structural form
tion process in the induction period below.

First stage

In the first stage of the induction period, the integrat
intensity of DPLS hardly increases with time, suggesting t
the systematic orientational ordering of polymer segme
does not occur here. As was clarified by the time-resolv
FTIR measurements of crystalline iPS, sPS, and PEN@11–
14#, the conformational changes from random to helical co
formations start to occur in the very early stage of the ind
tion period before the beginning of chain segme
orientation. Here, it should be noted that the partial segme
having helical conformations correspond to rigid segme
1-5
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MATSUBA, KAJI, KANAYA, AND NISHIDA PHYSICAL REVIEW E 65 061801
being almost equal to crystalline conformations and gen
ally the helical structure includes a planar zigzag conform
tion ~2/1 helix!.

From the results of the time-resolved FTIR measu
ments, we have concluded that the conformational chan
begin in the first stage of the induction period of crystalliz
tion and the lengths of the rigid segments or the persiste
lengths of the polymer chains increase in this stage@11,12#.
However, the orientational fluctuations hardly occur in th
time region as seen from the fact that the integrated inten
hardly increases. This means that in the first stage, the a
age length of the rigid segments does not attain a crit
value for the isotropic-to-nematic transition predicted by S
mada, Doi, and Okano@7–10#. Furthermore, the activation
energies for the chain segments to assume helical struc
are in the range of 35 to 40 kJ/mol or 8 to 10 kcal/mol for
the polymers as seen from Table II. These values corresp
to three to four times as large as the potential barrier o
single C-C bond rotation, meaning probably that three
four C-C bonds need to rotate simultaneously in order
form the helical structure.

Second stage

As described previously, we assigned the second stag
the early stage of SD where the integrated intensity gro
exponentially with annealing time, and hence, it clearly c
responds to the main process of segmental orientation.
activation energies for this stage, which are listed also
Table II, are in the range of 25 to 50 kJ/mol or 6 to 1
kcal/mol. Such parallel orientation is considered the rotat
around the normal to the segment axis, which couples w
density fluctuations@7–10#. The apparent values of activa
tion energy during the second stage for sPS and iPS
higher than those for PET and PEN. This may be because
formers have large side groups of benzene rings while
latters have no such side groups, i.e., because the orient
ordering of the rigid segments is correlated with their ax
ratios; the larger the axial ratio, the faster the rate of ori
tation.

Third stage

In the third stage, the integrated DPLS intensity increa
very slowly especially when annealed at lower temperatu
and the annealing temperature dependence of the integ
intensity is very strong for every sample. In the case of P
when annealed at 155 °C, we notice that the third stage
responds to the late stage of SD for the growth of den

TABLE II. Apparent activation energies for three stages of t
induction period of crystallization for PEN, PET, sPS, and iPS wh
annealed just aboveTg .

Activation Energy~kJ/mol!
Stage polymer PEN PET sPS iPS

1st stage 39.0 40.4 34.9 37.1
2nd stage 24.8 34.9 46.0 50.0
3rd stage 406 296 222 177
06180
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fluctuations detected by SAXS@13#, which was confirmed
with Furukawa’s scaling theory@18,19#. However, it is un-
clear how the third stage of the DPLS change is related to
late stage of SD. In order to understand this relationship,
us discuss the activation energies for this stage.

As seen from Table II, the apparent activation energies
the third stage depend on the polymer species; those of c
talline polystyrenes~sPS and iPS! are about 200 kJ/mo
while those of PET and PEN are about 300 and 400 kJ/m
respectively. Nevertheless, both of these values are by
order of magnitude larger than those for the other two stag
The reason for this may be understood in the framework
the theory by Binder and Stauffer@19# which we applied for
the analysis of the SAXS data of PEN. Thus, the late stag
SD is dominated by the growth of dense or oriented doma
~clusters! due to the cooperative process of diffusion a
reaction, and the growth of such clusters may involve m
tions crossing very large potential barriers. For further d
tails, the mechanism of the diffusion and reaction of clust
is visualized as follows. The diffusion occurs as a result
evaporation of atomic groups from the surface of a clus
and their subsequent condensation on the different site o
surface of the same cluster, resulting in the center of mas
the cluster shifts. Such diffusion of neighboring cluste
causes their collision and fusion into larger clusters to red
the surface energies.

In this connection we are reminded of the so-called ‘‘c
operatively rearranging regions~CRR!’’ of fragile liquids in
the field of the glass transition since the apparent activa
energies for thea process of fragile glass-forming materia
are about 500 kJ/mol near the glass transition tempera
@20#, which are of the same order as those for the third st
or the late stage of SD. Thus, we may assume that the ev
rating atomic groups correspond to the atomic groups of
CRR. Then, what are their sizes? Here, we estimate the s
of CRR from the apparent activation energiesEapp of the a
process in terms of a conformer model proposed by M
suoka and Quan@21#, which is based on the Adam-Gibb
theory @22#. According to this model, the number of con
formersz in CRR is given by

Eapp5Dmz, ~6!

Dm5Dm* T* /~T* 2T0!. ~7!

Here,Dm is an activation energy for rearrangement of a co
former, and T* and T0 are the highest- and lowes
temperature limits at which the conformer rearranges in
pendently and cooperatively with all conformers in t
system, respectively.Dm* andT0 are related to the param
etersB andTVF in the Vogel-Fulcher equation describing th
relaxation timet of the a process as a function of temper
ture

ln~t/t`!5B/~T2TVF!, ~8!

wheret` is a constant,B5Dm* /kB , andTVF5T0 , kB being
the Boltzmann constant andTVF being called the Vogel-
Fulcher temperature. The parametersB and TVF can be ex-
perimentally evaluated by fitting the Vogel-Fulcher equati

n
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DETAILED ANALYSIS OF THE INDUCTION PERIOD . . . PHYSICAL REVIEW E65 061801
to the temperature dependence of the relaxation time of tha
process. Values ofB andTVF for PET @23# and atactic poly-
styrene~aPS! were found in the literature@21#: B5745 K
and TVF5304 K for PET, andB51610 K andTVF5323 K
for aPS, respectively. The highest-temperature limitT* is
assumed to be 773 K for both PET and aPS@21#. Using these
values and the observed activation energies of the gro
rate in the third stage listed in Table II, the numbers of co
formersz in CRR were evaluated. In this case, the para
eters B and TVF of aPS were employed for those of iP
because the latter parameters were not found in literat
The resulting numbers of conformers are 7.7 and 29 for
and PET, respectively, in the temperature range of
present measurement. Here, it should be noted that a
former is a part of a monomer in the polymer. The numb
of conformers in a monomer for PS and PET were estima
by Matsuoka and Quan@21# to be 2 and 5, which mean tha
the average numbers of monomers in CRR for iPS and P
are 3.8 and 5.8, respectively.

As described above, the activation energies or the size
CRR in the third stage for PEN and PET are larger than th
for sPS and iPS. This may be because the interactions am
polymer segments of PEN or PET are stronger than thos
d

s

e
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sPS or iPS; in other words, the interactions among the na
thalene or benzene rings within the main chain are stron
than those among the side benzene groups.

In conclusion, we may conclude that in the third stage
the induction period the structure formation is described
diffusion and reaction processes of oriented domains, wh
is in harmony with the time evolution of the density fluctu
tions.

CONCLUSION

We have examined the structure formation processes
ing the induction period when crystallized from the glas
state within temperature ranges betweenTg and Tg150 °C
from a viewpoint of orientation fluctuations by performin
the time-resolved depolarized light-scattering~DPLS! mea-
surements for PEN, PET, sPS, and iPS. These results
vealed that the induction period can be separated into th
stages; the first stage where the helical conformations
formed, the second stage corresponding to the early stag
SD where the parallel orientation of the helical~rigid! seg-
ments starts to occur, and the third stage corresponding to
late stage of SD, where the orientated domains grow by t
diffusion and reaction.
i,

i,

a,

ci.,
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