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Abstract: The structures of the acid-paste-prepacetbrm of cobalt phthalocyanineafPcCo) and of its
corresponding-form (3-PcCo) have been refined through X-ray powder diffraction using the Rietveld method.
The a-polymorph is triclinic, space groupl, cell parametera = 12.090(8) Ab = 3.754(2) A,c = 12.800-

(9) A, oo = 88.96(6}, 5 = 90.97(6), y = 95.09(7), andZ = 1; the-form is monoclinic, space group2;/a,

cell parametera = 14.5982(9) Ab = 4.7937(3) Ac = 19.4348(11) Ap = 120.782(3), andZ = 2. a-PcCo
consists of columnarly arranged molecules, those of adjacent columns being aligned parallel to each other,
whereas a nearly perpendicular arrangement is presgiPicCo.a-PcCo also differs from the-forms of

PcH and PcPt in which an angle of ca. £25 observed between molecules of closely contacting chains.
From the refined peak-profile parameters of the powder pattern a crystallite sizk56fA has been estimated

for a-PcCo, a value approaching that of nanocompounds. The isothermals phase transition has been
followed in-situ real-time by means of EDXD at two different temperatures, 152 and@5Calorimetric

data indicate two different behaviors of the rate constant in the temperature ranges2B2dnd 226-270

°C leading to values of the empirical activation enerBy, of 36.6(16) and 14.8(9) kcal/mol, respectively.
However the various DSC runs lead to values of the phenomenolagjatameter in the range 2.32.68
(indicating an isokinetic two-dimensional growth). According to the combined EDXD and DSC data a three-
step model for thet —  PcCo phase transition may be proposed: (1) disordering of adjacent layers of PcCo
molecules from their originak-type arrangement; (2) crystallization of tie€form from the disordered phase
through rearrangement of the layers of the phthalocyanine units; (3) crystal growth @fptiese from the
nuclei to an average particle size-of2500 A, as indicated by the fitted peak-profile parameters. No evidence
of the occurrence of intermediate ordered phases was observed.

Introduction

Phthalocyanine compounds of formula PcM Pghthalo-
cyaninato anion gHieNg?~, M = H, or a bivalent metal) have
been known to exist in different solid modifications, (3, v,

0, €, ). The best-characterized are fle* anda. polymorphs’®
in some cases elucidated by single-crystal X-ray work. However
different a-forms have been identified in the literature, often

depending on the different preparation method used (see for

instance PcZf). Nevertheless, there is a considerable confusion
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about the structural properties and the nomenclature of many
polymorphs of PcM as indicated by the description of as many
as three differenti-forms of Pczn’

The usually commercializeg solid modification can be
changed into thew-form either by precipitation from solutions
of the metal phthalocyanine in concentrated (96%8@ (acid-
paste method) or by sublimation under vacuum and condensation
of the vaporized metal phthalocyanine onto a plate maintained
at low temperature (100C or lower). Theo form can be
converted into thgd form by heating the solid material under
vacuum for a time long enough depending on the temperature
used for the conversion. In a classical wotlke conversion of
thea form, obtained by the sublimation method, into thiorm,

a criterion was given for the identification of the two different
forms by their different IR spectra.

Despite the assumed isomorphism among sarReM, close
inspection of the reported interplanar spacings and relative inten-
sities (Table 1) reveal significant discrepancies among the vari-
ous phthalocyanines. Particularly interesting are the differences
revealed by the two data sets of PcCu samples prepared by the
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Table 1. Interplanar Spacings and Relative Intensitieste?cM Reported by Various Authors

Ashida et al. (1966)

PcC@ PcC® PcCa PcFé PcH? PcN# PcPt
d(A) /o d(A) /o d(A) /o d(A) o d(A) /o d(A) /o d(A) /o
13.01 'S 12.96 'S 12.9 S 13.1 'S 13.1 S 13.06 S 13.12 'S
11.90 S 12.05 VS 12.6 S 12.5 VS 11.9 S 12.12 Vs 11.99 S
8.817 m 9.14 w
8.54 w 8.43 w
6.48 S 6.47 s 6.55 s 6.56 s 6.56 m 6.56 S
6.27 S
5.99 m 6.05 S 5.96 Vs 6.06 S 5.96 m
5.64 w 5.671 w 5.68 m 5.61 m
5.479 w 5.34 w
4.62 w
4.32 m 4.32 m 4.34 m 4.35 m 4.36 m 4.37 w
4.18 w 4.13 VW 4.19 VW
4.01 w 4.068 w 3.97 w 4.05 m 4.01 VW
3.77 w 3.72 m 3.72 m 3.77 m 3.77 m 3.78 m
3.68 m 3.704 m 3.66 w 3.73 w 3.68 m
3.59 m 3.560 m 3.56 w 3.58 m 3.61 S 3.56 w 3.62 m
3.49 s
3.43 m 3.43 VW 3.42 s 3.41 m
3.40 m 3.39 VW
3.33 m 3.338 m 3.36 vw 3.28 VW
3.22 m 3.233 m 3.25 VW 3.25 VW 3.25 VW 3.24 S 3.21 VW
3.17 w 3.20 m 3.19 s
3.07 w 3.05 VW 3.03 m
2.97 m 2.99 Y
2.93 w 2.95 VW 2.95 m
2.89 m 2.84 w 2.82 w 2.86 VW
Ercolani et al. (1967) Kobayashi et al. (1968) lwatsu (1985)
PcCo PcCP Pczr? PcZrt
d (&) /o d(A) /o d(A) /o d (&) /o
12.40 VS 12.55 VS 12.99 Vs 12.99 Vs
12.30 S 12.30 S
10.10 w
9.54 m
8.79 m 8.93 m 8.90 w 8.90 w
6.30 w
5.60 m 5.66 s 5.70 m 5.70 m
551 m 551 m
4.28 w 4.28 w
3.99 VW
3.69 w 3.71 m
3.56 w 3.56 s
3.46 S 3.46 S
3.42 S 3.42 S
3.40 s 3.40 S
3.34 m 3.29 m
3.20 s 3.16 VW 3.23 m 3.23 m
3.06 w
2.97 w
2.92 m 2.92 m
2.82 VWw 2.84 VW

a Synthesized by sublimation under vacudrynthesized from the so-called acid-paste method (precipitation from solutions of PcM in concentrated
H,SOy).

above-proposed procedures. PcCu synthesized by sublimatiordetail through single-crystal X-rdyand neutrott diffraction.

shows three relatively strong reflections at 6.48, 5.99, and 4.32 No single crystals of adequate dimensions.é?cCo have been

A that are not present into the corresponding diffraction pattern grown so far, and this fact has prevented structural study through

of acid-paste PcCu. On the other side, acid-paste PcCu showsonventional techniques. The problem has been faced in the

an intense reflection, corresponding to an interplanar spacingpresent contribution by the use of the Rietveld refinement of

0f 8.82 A, that is not present into the pattern of sublimated PcCu. powder datd23recently proven to be very successful in solving

Similar discrepancies may be observed also for PcCo. the structure of organic materials not available as single
In f[he present WOFK the attention has been focusemdrEon (9) Ashida, M.; Uyeda, N.. Suito, BBull. Chem. Soc. Jpri966 39,

and in particular on its structural features and the kinetics of 2g16.

thea — 3 phase transition. Among the various phthalocyanines,  (10) Ercolani, C.; Neri, C.; Porta, forg. Chim. Actal967 1, 415.

a-PcCo is one of the less studied from the structural point of _ (1) Williams, G. A.; Figgis, B. N.; Mason, R.; Mason, S. A. Fielding,

. o . . . P. E.J. Chem. Soc., Dalton Tran$98Q 1688.
view. In fact, only qualitative information Is knqwn fo.r (12) Rietveld, H.Acta Crystallogr 1967, 22, 151.
o-PcCd 1% whereas thgg polymorph has been investigated in (13) Rietveld, H.J. Appl. Crystallogr 1969 2, 65.
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1) X-Ray Tube
2) Collimation Slits

3) Sample Position

4) Single Crystal Solid State
Energy Sensitive Detector
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Figure 1. Schematic view of the prototype of the energy dispersive
diffractometer.

crystals!* The o — 8 PcCo phase transition has been studied
by the energy dispersive X-ray diffraction (EDXD) method,

particularly useful for low crystallinity or amorphous materials

for which traditional X-ray diffraction techniques may be applied
with extreme difficulty!>~17 The data obtained through EDXD

have been complemented with a detailed differential scanning

calorimetry (DSC) study in order to derive the thermodynamical
and kinetic parameters and a more complete description of th
phase transition.

Experimental Section

PcCo was an Eastman Kodak product that was purified and obtaine
in the crystalline modificationf§-PcCo) by sublimation under vacuum
(400-450 °C, 102 mmHg). The o polymorph was obtained by
dissolving 5-PcCo in concentrated 230, (96%) followed by repre-

cipitation by pouring the solution into iced water. The separated solid

was washed abundantly with water and dried under vacuum.

Room-temperature powder diffraction data for structure refinement/

solution have been obtained with a conventional Seifert MZDIR6H

Bragg—Brentano automated diffractometer. Powder diffraction patterns

were collected in step-scan mode in thel®9 26 range with a step-
size of 0.02 in 20 and 6 s of counting time, using graphite-
monochromatized Cu & radiation. The powders were loaded inside a

0.5-mm deep cavity of a conventional glass sample-holder and gently

pressed with a glass slide in order to minimize preferred orientation

The nonambient temperature X-ray data were collected with a

prototype of an EDXD instrumen#:*°In EDXD an incident polychro-

matic X-ray radiation is used and the diffracted beam is energy resolved
by a solid-state detector located at a suitable scattering angle. The

modulus of the scattering vectqi(function of the energy of the photon
E and the scattering angl®) can be represented as

47r(sin 6)

q(E.0) = 1.01& sind = .

)
whereq is expressed in &, 1 in A, andE in keV.

The instrument (Figure 1), operating in verticgdh geometry, is
equipped with an X-ray generator (W target), a collimating system,

step motors, and a solid-state detector connected via an electronic chai
to a multichannel analyzer. A thermostatic cell is placed at the common

center of rotation of the diffractometer ardfsThe X-ray source is a
standard Seifert tube operating at 45 kV and 35 mA whose Bremsstrah
ung radiation is used. The fluorescence L lines of W are in th&18

(14) Ballirano, P.; Caminiti, R.; Coiro, V.; Mancini, G.; Maras, A.; Sadun,
C. Z. Krist. 1998 213 123-129.

(15) Rossi Albertini, V.; Bencivenni, L.; Caminiti, R.; Cilloco, F.; Sadun,
C. J. Macromol. Sci.-Physl996 B35 199.
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keV range and do not interfere with our measurements being outside
the region of interest. The detecting system is composed of an EG&G
liquid-nitrogen-cooled ultrapure Ge solid-state detector ORTEC 92X
connected to a PC through ADCAM hardware. The collimating system
consists of four adjustable W slits. Both X-ray tube and detector holding
arms can rotate, with the aid of step motors, around their common
center in order to reach the desired scattering angle (reproducibility
0.00T in 20).

A particular value of the diffraction angle was chosen in order to
select a portion of the diffraction pattern where peaks-aindg-forms
were easily recognized. A preliminary run on a conventié¥i2d X-ray
powder diffractometer indicated that the first part of the spectrum of
the two polymorphs fulfills this requirement especially because at angle
>40° in 26 of Cu radiation the intensities of the form decrease
drastically. According to these experimental problems a diffraction angle
0 of 2.2 was selected, corresponding to G:4q < 1.5 AL,

Calorimetric data have been obtained on a power-compensated type
of differential scanning calorimeter (Perkin-Elmer DSC-7) equipped
with a Pt/Ir furnace. Prior the DSC runs temperature and heat of reac-
tion were calibrated with indium standard. A constant sample weight
of 5.2 mg was used to minimize the heat transfer effect of PcCo. All
the measurements were carried out undefldlv. A total of 20 dif-
ferent isothermal runs were collected in the temperature range-182.5
€270°C.

Structure Determination/Refinement

The structure determination/refinement of the two samplea-of
andp-PcCo was carried out with the PC version of the crystal structure
analysis package GSASAs initial structural parameters of tifephase
we used those of the room-temperature refinement of P&zta were
evaluated in the 11:590° 26 angular range in order to fully characterize
the starting material. A total of 75 soft constraints on bond distances
and angles were imposed (full list of soft constraints available from
the authors upon request), initially with high statistical weight that was
subsequently reduced during the refinement. This was done to avoid
divergence or convergence toward false minima (for discussions on
soft-constraints and Rietveld refinements see ref 21). Only four
coefficients of the cosine Fourier series describing the background,
along with the cell parameters, were allowed to vary. During the
successive cycles the Gaussidindependent parameter GW of the
pseudo-Voigt function used to model the peak-skaped the tan
6-dependent Lorentzian parameter LY were released. At this point of
the refinement the positional parameters of the various atoms, with an
associated high damping factor, were freed along with the 14cos
dependent Lorentzian parameter LX, a profile asymmetry parameter
Asym, and a fifth background coefficient. Despite the fact that hydrogen
atoms could not be located in difference Fourier maps, they were finally
included to the refinement in position expected from reference’ data
and refined using 38 more soft constraints on bond distances and angles.
In the final cycles isotropic displacement parameters for metal, nonmetal
(C and N), and hydrogen atoms were also refined. The profile fitting
smoothly converged to agreement indf€d% = 0.073, wR> = 0.096,
x?= 1.69, andRsrace = 0.130. A careful scrutiny of the difference
rplot did not indicate significant preferred orientation effects. An attempt
to model the presence of texture by means of a generalized spherical-
harmonic descriptici#?® led to a small improvement of the fit as a
I_result of a texture inded = 1.51 J = 1 for an ideal “random powder”;

J = oo for a single crystal). Final agreement indices wse= 0.067,
WRp = 0.089,y? = 1.45, andRsrace = 0.121.

d
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The structure of ther phase of PcCo has been in the past the object Table 2. Miscellaneous Data for the Rietveld Refinementosf
of many structure investigations that always led to qualitative results andj-PcCo
due to the lack of suitable single crystals. A few hypotheses about the a-PcCo p-PcCo
metric and the symmetry of the unit cell were proposed in the ést.
However, it must be pointed out that the fiber diagram and the Debye ~ SPace group
photograph of the two references cited above showed very different g A)

P1 P2:/c
12.090(8) 14.5982(9)
3.754(2) 4.7937(3)

values of the interplanar spacings and related intensities (Table 1),

despite the similarity of the reported cell parameters (ref 9,25.88 g(é)eg) 182é89060((6? 2%4348(11)

A, b= 3.750 A,C = 24.08 A,ﬁ =90.2, space gl’OUﬂZ/C; ref 10,a ﬂ (deg) 90'97(6) 120 782(3)

=25.4(1) Ab=3.77(2) A,c = 24.6(1) A, space grou@2/c, if § ~ v (deg) 95.09(7) '

90°, or Cce2, if f = 90°). In particular, whereas the data referring to V (A3 578.4(9) 1168.4(1)

the vacuum sublimed samplelearly indicated the similarity among ocalc (g/cn®) 1.641 1.624

the a forms of PcFe, Pcl and PcCo, those of the acid paste saffple angular range @, deg) 5.5-50 11.5-90

seemed to be consistent with a different phase. Our present data are Re 0.055 0.067

consistent with those for the previous sampleoePcCo, prepared WRe 0.075 0.089

identically. Rerace 0.133 0.121
According to these facts, we started our structural study on the eéducedy A 174 145

o-form of PcCo using as reference the recent structural data of the soff_t ccénstr contribution tg* (%) 1'1813 1'1919

o-form of the metal-free phthalocyanifi&tarting unit cell parameters {:X'tr:ﬁ e %%r:;n s 8.68 151

werea = 26.124(3) Ab = 3.801(1) A,c = 23.889(3) A5 = 94.18- profile params ' '

(2)°, Z= 4, and space group G2/ the only obvious modification with GW 0 2.9(6)

respect to the metal-free structure was the insertion at the origin of the LX 58(1) 3.9(3)

Co atom. The refinement strategy was the same adopted fgrftven; LY 44(6) 21(1)

however, despite the relevant number of attempts, we were not ableto  asym 0 3.44(7)

obtain a satisfactory fit between the experimental and calculated
patterns. A further attempt was carried out, on the basis of the strong
relationships existing between our powder diffraction pattern and those 0.055, wRe = 0.075, andRexr = 0.058. Miscellaneous data of the
of ala Cu phthalocyanine anda 4-monochlororo Cu phthalocyaniffe, refinement ofx andf forms are reported in Table 2, and final positional
which were assigned a triclinic symmetry with cell parameters parameters and isotropic thermal parameters, in Table 3a,b. Experi-
122Ab=374Ac=132A 0 =90, 8=90.7, y = 95.6, and mental, calculated, and difference plots of the refinement are shown in

Z = 1. It should be also noticed that our powder spectrum bears strong Figure 2.
resemblance with that af-PczZn?7:28 o
High-resolution transmission electron microscopy (HRTEM) images Structure Descriptions

of vacuum-deposited-PcZr' indicate the presence of various poly- . S
morphs. Among them, thel form was characterized by periodicities The refined structure of Co phthalocyanine is in close

of 13 and 12 A in the direction of theeandc axis with an angle between agreement with reference d&i&and 'S, very similar to that of

the two axes of 93 The authors, however, doubled the cell parameters 8 Mn, Fe, and Zn phthalocyanitie’ (Figure 3). The observed

in both directions in order to make them coincide with the unit-cell differences in bond lengths and angles of the molecule are

dimensions of thex-PcPt5 A close inspection of Figure 4 of ref 7 extremely small.

clearly reveals that each PcZn molecule repeats itself, in effect, every  The two independent CeN bond distances are 1.907(4) and

13 and 12 A. This multiple cell was subsequently used to index the 1.910(4) A: these values are extremely close to those of

powder spectra ofi-PcZn. reference dag1.906(2) and 1.909(2) A). The mear-® bond
According to these data we derived the positional parameters of a gistance in the 16-membered ring around the Co atom is 1.347

molecule of PcCo with the Co atom located at the origin. This was A but it is 1.316(4) A for the nitrogen atoms interconnecting

simply derived by inversion of tha and c axes and doubling the th’e isoindole rings and 1.387(7) A for those pertaining to the

and z positional parameters of the-form of the metal-free phthalo- . ) . .

rings. These values compare well with those of the previously

cyanine® Isotropic thermal parameters were fixed to the values : .
corresponding to those of the single crystal work/bRcCo? refined structure of-PcCd (1.317 and 1.375 A, respectively)

The refinement was carried out 1, with the same procedure ~ and are close to those observedgiMnt 3 (ref 1, 1.323 and
described above for théform of the Co phthalocyanine. Immediately ~ 1.388 A; ref 3, 1.316 and 1.394 A), F€1.322 and 1.378 A),
it became apparent that the starting structure was substantially correctZn? (ref 2, 1.331 and 1.369 A), and metal-ft¢#.326 and 1.374
as the calculated diffraction pattern showed peak positions and A) phthalocyanines. The two crystallographically independent
intensities comparable with the experimental pattern. The refinement phenyl rings show a mean-@ bond distance of 1.391(3) A.
was limited to the 5.550° 20 angular range because of the strong  As a general remark it must be remembered that the standard
intensity decaying for @ angles> 50°. As in the case ofi-PcCo, geyjations of the Rietveld refinements are optimistic, because
hydrogen atoms were included to the refinement in positions derived of the presence of local correlatioffsand affected by the
from geometrical calculations and refined using the same set of soft . . . .

statistical weight imposed to the soft-constraints (for the

constraints on bond distances and angles useg-facCo. A careful L .
scrutiny of the residuals indicates the presence of some degree Ofcontrlbutlons of the soft constraints 46, see Table 2). In the

preferred orientation [20] that was initially modeled using the Mareh ~ case of the present refinement inspection of the normal prob-
Dollase approacP The corresponding coefficient refined to 0.890(5),  ability plot indicates that the residuals are normally distributed,
and convergence was reachedrat= 0.067, WRs = 0.089,y? = 2.47, as indicated by a slope of 1.17 and an intercept of 0.071.
andRerace = 0.108. Alternatively the spherical-harmonic description A comparison between our and reference structural®data
was applied (the maximum order was set equal to four): a texture index confirms the accuracy and precision of Rietveld anal§sis.

J = 8.68 was obtained and a significant improvement of the quality of particular the mean differenceésof thex, y, andz coordinates

the fitting was reached as indicated by the agreement indRses of non-hydrogen atoms of the two refinements are 0.0035,
(26) Honigmann, B.; LenheH.-U.; Schialel, R. Z. Krist. 1965 122, 0.0087, and _0-9021, respectively, to be compared to average
185. standard deviations of 0.0009, 0.0040, and 0.0008. According
(27) Kobayashi, T., Uyeda, N., Suito, &.Phys. Chenll968 72, 2446.
(28) Iwatsu, F.; Kobayashi, T.; Uyeda, 8l.Phys. Cheml98Q 84, 3223. (30) Berar, J.-F.; Lelann, B. Appl. Crystallogr 1991, 24, 1.

(29) Dollase, W. AJ. Appl. Crystallogr 1986 19, 267. (31) Kaduk, J. A.; Partenheimer, VWowder Diffr. 1997, 12, 27.
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Table 3. Final Positional Parameters and Isotropic Thermal

Lambda 1.540|5 2, Lfg cycleI 192 | IObsdA alnd lef]. Prof‘ﬂ[’es Parameters of Non_Hydrogen Atoms a@f andﬁ.PcCo

- ok _ atoms X y z B

= ao-PcCo

Hol i Co 0 0 0 2.6

A N1 0.2476(18) 0.361(14) 0.0850(14) 2.6
N2 0.0645(14) 0.113(12) 0.1339(7) 2.6
sk i N3 —0.0912(22) —0.033(17) 0.2476(12) 2.6
” N4 —0.1395(15) —0.133(16) 0.0640(11) 2.6
C1 0.1611(22) 0.336(11) 0.1470(16) 2.6
°F . c2 0.1683(22) 0.460(10) 0.2541(17) 2.6
C3 0.2523(24) 0.658(12) 0.3095(25) 2.6
- Cc4 0.2589(33) 0.626(16) 0.4179(26) 2.6

B 7 C5 0.1988(27) 0.335(18) 0.4656(21) 2.6

e R A C6 0.1029(32) 0.185(19) 0.4153(15) 2.6

g : | | | | ] | | C7 0.0868(21) 0.250(14) 0.3091(11) 2.6

2.0 3.0 4.0 5, 6.0 7.0 8.0 9.0 C8 0.0144(18) 0.074(12) 0.2305(10) 2.6
2-Theta, deg X10E 1 C9 —0.1583(28) —0.151(18) 0.1706(10) 2.6
C10 —0.2673(27) —0.332(15) 0.1892(12) 2.6
Hist 1 Ci11 —0.3250(33) —0.439(15) 0.2792(14) 2.6
Lambda 1.54?6 A, L-8 cyclle 487 I Obsd. anc? Diff. Profi%es C12 _04261(33) _0647(16) 02711(20) 2.6
C13 —0.4625(25) —0.783(14) 0.1749(22) 2.6

N . Cl4 —0.3965(32) —0.713(12) 0.0874(17) 2.6

3 C15 —0.3084(26) —0.449(12) 0.0923(12) 2.6

= C16 —0.2365(15) —0.268(10) 0.0143(10) 2.6

- B-PcCeé
Co 0 0 0 4.6(3)
or A 0 0 0 1.95(2)
N1 0.2482(7) 0.030(4) 0.1596(7) 3.8(2)
o 0.2514(2) 0.0268(6) 0.1597(1) 2.1(1)
: 7 N2 0.0677(7) 0.213(3) 0.0965(6) 3.8(2)
§ e 0.0718(2) 0.2178(5) 0.0960(1) 2.1(1)
(=] I " "1 - [ ' ) neom o ll”lll-lllllll"\lll‘l‘lll'l‘“.l“;l;l;“l-‘;lll;I-H;l"-ll‘l-; _ N3 _0.0744(8) 0.528(3) 0.0744(8) 3.8(2)

o —0.0721(2) 0.5168(7) 0.0785(1) 2.5(1)

E N4 —0.1331(5) 0.168(3) —0.0276(7) 3.8(2)

S L I I I i —0.1307(2) 0.1947(6) —0.0326(1) 2.1(1)

Hhetal';eg 20 3 4.0 108 15'0 C1 0.1736(9) 0.194(4) 0.1566(9) 3.8(2)
’ 0.1779(2) 0.1957(6) 0.1569(2) 2.1(1)
Figure 2. Observed, calculated, and difference powder diffraction €2 8113385((5)) ggggé?%) 8%(7)?((2)) :2348,8))
patterns of (a, topp- and (b, bottomjx-PcCo. Vertical marks refer to c3 O..2836(10) 0. 456(5) 0'2923(9) 3..8(2)
the position of all possible reflections. 0.2906(2) 0.4498(7) 0.2924(2) 2.8(1)
Cc4 0.2765(10) 0.654(4) 0.3420(8) 3.8(2)
0.2821(3) 0.6519(8) 0.3415(2) 3.2(1)
C5 0.1834(13) 0.807(4) 0.3149(9) 3.8(2)
0.1875(3) 0.7954(8) 0.3174(2) 3.4(1)
C6 0.0955(11) 0.756(4) 0.2393(10) 3.8(2)
0.0970(2) 0.7406(7) 0.2438(2) 2.9(1)
C7 0.0987(7) 0.533(4) 0.1944(8) 3.8(2)
0.1055(2) 0.5373(7) 0.1963(2) 2.3(1)
Cc8 0.0232(9) 0.430(4) 0.1153(8) 3.8(2)
0.0273(2) 0.4243(6) 0.1185(2) 2.3(1)
Cc9 —0.1457(8) 0.389(4) 0.0115(9) 3.8(2)
—0.1444(2) 0.4048(6) 0.0095(2) 2.2(1)
C10 —0.2564(8) 0.476(4) —0.0309(8) 3.8(2)
—0.2551(2) 0.4957(8) —0.0325(2) 2.4(1)
Ci11 —0.3114(11) 0.683(4) —0.0166(11) 3.8(2)
—0.3080(2) 0.6942(7) —0.0134(2) 2.9(1)
C12 —0.4193(10) 0.721(4) —0.0705(11) 3.8(2)
—0.4164(3) 0.7274(8) —0.0667(2) 3.5(1)
C13 —0.4727(8) 0.542(4) —0.1353(9) 3.8(2)

) ) ) —0.4693(2) 0.5660(7) —0.1358(2) 3.2(1)
Figure 3. Molecular arrangement and atomic numbering scheme of 14 —0.4193(10) 0.368(5) —0.1561(9) 3.8(2)
p-PcCo as seen along [010]. For the sake of clarity a unit cell has —0.4168(2) 0.3688(7) —0.1551(2) 2.8(1)
been indicated. C15 —0.3054(8) 0.337(4) —0.1042(8) 3.8(2)

—0.3081(2) 0.3358(6) —0.1016(2) 2.4(1)
to these figures thé/o ratio has an average value of 2.9. The €16~ —0.2253(10)  0.153(4) = -0.1023(8)  3.8(2)
—0.2287(2) 0.1507(6) —0.1012(2) 2.2(1)

average difference of the bond distances is constantly
(Table 4).

As previously indicated, two different refinements were
carried out ora-PcCo depending on the model (MareDollase
or generalized spherical-harmonic) used for the description of
the effect of texture on reflection intensities. Differences between two models were observed, corresponding to a mganratio
the positional parameters derived from the application of the value of 4.9. In particular whereas the differences onxthad

aValues taken from the single-crystal reference data. They were kept
fixed during the refinement For comparison the data of Mason et al.
(1979) are also reported in italicsValue constrained to be equal for
all the non-Co atoms.
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Table 4. Bond Distances (A) ofi- and 3-PcCd

Co—N2

1.910(5)
1.909(5)
1.320(7)
1.325(7)
1.384(7)
1.386(7)
1.324(7)
1.324(6)
1.387(7)
1.386(7)
1.454(7)
1.395(6)
1.398(7)

C3-C4

C14C15
C15C16

1.393(7)
1.394(7)
1.396(7)
1.390(7)
1.452(7)
1.450(7)
1.391(6)
1.392(7)
1.393(7)
1.390(7)
1.394(7)
1.390(7)
1.453(7)

present Mason et al.

work

(1979)

present Mason et al.

work

(1979)

Co-N2 1.907(4)
Co—N4 1.910(4)
N1-C1 1.320(5)
N1-C16 1.321(6)
N2—-C1 1.384(6)
N2-C8 1.372(6)
N3-C8 1.313(6)
N3-C9 1.310(6)
N4-C9 1.371(6)
N4-C16 1.386(6)
C1-C2 1.450(6)
C2-C3  1.390(6)
C2-C7 1.393(6)

1.906(2)
1.909(2)
1.318(4)
1.313(4)
1.385(3)
1.368(4)
1.318(4)
1.318(3)
1.369(4)
1.378(3)
1.451(4)
1.386(3)
1.383(4)

Cc3C4  1.395(6)
C4C5  1.390(6)
C5C6  1.392(6)
C6C7  1.394(6)
C7C8  1.446(6)
C9C10  1.449(5)
C16C11 1.392(6)
C10C15 1.394(6)
CHC12 1.387(6)
C12C13 1.387(6)
C13C14 1.391(6)
CI4C15 1.389(6)
C15C16 1.449(5)

1.378(5)
1.386(5)
1.381(4)
1.384(5)
1.448(3)
1.449(4)
1.383(5)
1.385(4)
1.381(4)
1.385(5)
1.379(6)
1.385(4)
1.452(5)

aFor -PcCo the Data of Mason et al. (1979) are also reported.

Figure 4. Mutual arrangement of the layers of molecules in (a, {op)

and (b, bottom)x-PcCo.

y coordinates are relatively smaliN/oJ= 3.2) more pronounced

discrepancies were found for theecoordinates 4/c = 8.3).
We will discuss here the molecular arrangement obtained 3 phase transition of phthalocyanines have been reported in the
through the generalized spherical-harmonic description of texture past3233 It has been pointed otthat the rate of the phase
as it represents the best fitting of our experimental data.
Thea form of the Co phthalocyanine has a different stacking vacuum the rate is faster and takes place at a lower temperature

of the molecules with respect {®-PcCo: in fact whereas in

J. Am. Chem. Soc., Vol. 120, No. 49, 102803

16

//“‘\\ N4
/&%4—15\?\"15 ,N
3 Y ;9

VG1O

T T

12 gl

Figure 5. Molecular arrangement and atomic numbering scheme of
a-PcCo as seen along [010]. For the sake of clarity a unit cell has
been indicated.

The molecular packing ofti-PcCo results in a unit cell that
contains only one macrocyclic unit (Figure 5). The geometry
of the molecule does not show any significant difference with
respect to thes form as indicated by the mean-® bond
distance in the 16-membered ring of 1.354 A, of 1.323(2) A
for the N atoms located between the isoindole rings, and 1.386-
(1) A for those pertaining to the rings. The two independent
phenyl rings show a mean-@ bond distance of 1.393(6) A.
The angle between theaxis and the normal of the mean plane
of the molecule is ca. 30

As in the case off-PcCo the residuals are normally
distributed, as indicated by a slope of 1.24 and an intercept of
0.047 of the normal probability plot.

The standard deviations of the cell parameters obtlierm
are almost of 1 order of magnitude higher that those offthe
form. This is due to the difficulty to locate the centroid of the
peaks because of their extremely large full-width at half
maximum (FWHM). The coefficients of the powder profile may
be, however, related to the crystallite size. From the profile-
function parameter LX it is in effect possible to obtain the
average particle siza(A).2° A refined isotropic value of 152 A
was therefore obtained indicating a particle size of the same
order of magnitude of nanocompounds. This value compares
very favorably with the crystallite size of vacuum-sublimated
a-PczZn (147 A) as determined from powder diffract@$n.

o — f# Phase Transition

|. EDXD Data. Data on the kinetics of the isothermal—

transition depends mainly on the temperature and that in a

than in atmosphere. Moreover, a significant effect on the rate

the B form the adjacent columns of molecules are almost of reaction of the type of the central M atom has been observed.

perpendicular, in the. form they are parallel (Figure 4a,b). This

arrangement is also different with respect to theorm of the

metal-fre€ and Pt phthalocyaninewhere the angle is ca. 125

(32) Sharp, J. H.; Miller, R. LJ. Phys. Chem1968 72, 3335.
(33) Kawashima, N.; Suzuki, T.; Meguro, RBull. Chem. Soc. Jpr1976
49, 2029.
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These variables account for the large thermal range (ca- 150
ca. 350°C) which has been investigated in the past. In particular
IR data were used to obtain the first-order rate constant of metal-
free phthalocyaniné& From the Arrhenius plot the authors
derived an activation enthalpy of 31.2(4) kcal/mol. This value
has been obtained from data sets collected at 5 different
temperatures in the range 26843 °C. However, according to
the structural determination of the present studyePcCo and
that of a-PcHS it is clear that the two compounds are not
isostructural.

A significantly lower value was obtained on a subsequent
work33 for o PcCu suspended in organic solvensxylene).
In fact, on the basis of the X-ray powder diffraction experiments,
the authors calculated a value of 17.6 kcal/mol. In this case,
according to the reported powder diffraction pattern and that
found in a previous work® isostructurality betweem-PcCo

anda-PcCu may be assumed. . RV

In the present work the isothernat— 8 phase transition of )
PcCo has been followed in-situ real-time by means of EEXE ‘ M/-P)[/

1

-range 1.16-1.36 A’

g-range 0.42-0.56 A
¢range 0.56:0.69 A
g-range 0.82-0.92 A"

g-range 0.92-1.16 A”

=T

and DSC.

The EDXD experiments were carried out in reflection-mode M\W
on a pellet prepared by pressing the powder of dhphase.
Three different temperatures were chosen for the investigation:™ T T L [T
152, 250, and 300C. The temperature of 15Z was selected 200 300 400 500 600
because it represents the monotropic, thermal-transition tem-
perature of pure zinc phthalocyanifiewhereas the value of Figure 6. (a) Initial EDXD spectrum of the bulk materiad.{PcCo).

300 °C was chosen because, _f(_)IIOWing reference #hia, (b) Final EDXD spectrum after isothermal heatifigRcCo). Integration
represents thet — f-PcCo transition temperature. However, ranges are also indicated. Data were collected at a diffraction angle of
at this temperature, the transition was found to be so fast that2.2° in 26.

it was completed at the end of the fourth frame (640 s). This
fact indicated that it is probable that much of the transition had transformation, in agreement with the two calculated densities
occurred while the sample was heating from room temperature of 1.641 @-form) and 1.624 g-form) g/cn® (difference ~
to 300°C. For this reason the whole data set was discarded. A 1.0%). No deformation of the pellet was detected after the
further experiment was carried out also at 280 in this case  thermal process.
the reaction proceeded at a significantly slower pace than at As a first remark two different behaviors have been ob-
300°C. served: in particular the first two ranges (04256, 0.56-

The phase transition has been qualitatively described by 0.69 A1) show a rate of reaction significantly lower than that
plotting the fraction of thg8 phaseX(t) vs time. As a starting  of the other three ranges. This is clearly indicated by the time
assumption, we considered every intermediate spediama needed for reaching the 50% of the reacti(tY= 0.5) which

)

Channels

linear combination of the two extreme ones. The values(tf is (by interpolation) of 500 s (first two ranges) and 100 sec
have been therefore evaluated from the equation (other three ranges), respectively, at 2&D(Figure 7).
The same results have been obtained during the isothermal
X(t) = (I — 1) @) study at 152°C. Obviously the kinetic at this temperature is
(PR extremely sluggish and the completeness of the phase transition

was not reached even after 3.5 days. However, the same

wherel;, is the intensity scattered by the sample in its initial behavior of two rates of reaction has been observed.
state @-PcCo) andy, that in its final state £-PcCo). From a careful scrutiny of the EDXD spectra some additional

Thea-PcCo angB-PcCo EDXD spectra are reported in Figure  information has been extracted. In particular it is clear that the
6. The spectrum ofi-PcCo shows three broad peaks located at peaks corresponding to theform disappear almost immediately
g~ 0.5, 0.7, and 1.1 AL, whereas that g§ Co phthalocyanine  and, concomitantly, those attributed to fixorm start to grow.
is considerably more complex showing five sharper peaks We were not able to detect any preliminary growth ofdhferm
located at~0.5, 0.7, 0.75, 0.9, and 1.3 A (see Table 5 for the crystallites before transformation into thdorm, different from
indexing). the reported behavior of PcCG&2® In fact the FWHM of the

Each diffraction pattern has been divided into five different peaks of thex-form was constant throughout the transformation
zones (0.420.56, 0.56-0.69, 0.82-0.92, 0.92-1.16, and process. However, after the peaks of thBorm have completely
1.16-1.36 A*l) where the intensities have been separately disappeared, those of tfieform continue to increase in intensity
integrated. This has been done in order to observe the decreasingfFigure 8). This is not an effect of a crystal-growth process of
and increasing of intensity of the various clusters of peaks. The the s-form, because in this case only the height of the peaks
two ranges, 0.820.92, and 1.161.36 A1, are particularly will increase but not the corresponding integrated intensity. Only
interesting in that each one contains only reflections ofghe  in the final stage of the reaction the peaks sharpen indicating a
form (one and three peaks, respectively) whereas all the othercrystal growth process. According to these data, we propose
ranges contain peaks of both polymorphs. The assumption wasthe following three steps model for the — g-PcCo phase
made of a constant bulk density of the sample throughout the transition that takes place at 152 and 28 (1) There is

(34) Assour, J. M.; Kahn, W. KJ. Am. Chem. Sod 965 87, 207. (35) Suito, E.; Uyeda, NKolloid Z. 1963 193 97.
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Table 5. Integration Ranges and Peak Reflections Located within

qrange (A1)
0.42-0.56 0.56-0.69 0.82-0.92 0.92-1.16 1.16-1.36
o-form (001) vs, (100) vs (103, (101) s (002) w, (200) w,

(102 w, (102) s,
(20D s, (201) w

S-form (001) vs (201s (202 m (002) w, (201) w (20Bm, (402 w, (402) m
1.1 — Table 6. Fitting Parameters of the Avrami Equation for the

7 bao R Isothermal DSC Data
10— i temp  tin

3 (°C) (s) T (K) n k(s)® Ink R
0.9 —

- 270 20 1.841x 103 2.34(7) 0.359(3) —1.024 0.996
08 — 2675 31 1.850< 102 2.42(5) 0.328(2) —1.114 0.998
s 265 29 1.858¢< 1073 2.40(5) 0.374(2) —0.985 0.998

E 2625 37 1.86% 103 2.44(5) 0.327(2) -1.119 0.998
07 260 46 1.876x< 1073 2.54(5) 0.256(2) —1.361 0.997

3 255 53 1.893x 1073 2.36(4) 0.274(1) —1.295 0.998

=08 250 68 1.911x 1073 2.68(5) 0.1807(9) —1.711 0.997
% 1 245 87 1.930x 103 2.52(7) 0.170(1) —1.773 0.997
05 — 240 124 1.949% 10® 2.58(6) 0.1457(9) —1.926 0.997

- 235 136 1.968< 103 2.51(5) 0.1347(7) —2.005 0.998
04 230 125 1.98% 103 2.36(4) 0.1328(7) —2.019 0.998

:/ _ 225 248 2.00% 102 2.52(9) 0.108(1) —2.228 0.996
03 + grange 0.42-0.56 A 220 314 2.028 103 2.49(8) 9.57(9% 102 —2.347 0.997

= s grange 0.56-0.69 A" 215 559 2.049< 103 251(5) 6.67(3x 102 —2.708 0.997
02 iy 210 855 2.070< 103 2.62(8) 4.13(3%x 102 —3.186 0.996
= O grange 0.82-0.92 A 205 1309 2.09% 103 2.49(6) 3.07(2)x 102 —3.485 0.997

- ; 200 1970 2.113 103 2.45(8) 2.19(2)x 102 —3.823 0.998

] - 92-1.16 A
o1 *  qrenge 082116 S 195 3138 2.136¢ 103 2.63(7) 1.009(7) 102 —4.597 0.996

. o grange1.16-1.36 A" 190 4406 2.15% 103 2.46(7) 8.64(7)x 103 —4.751 0.996
0.0 L B O B Y 182.5 8706 2.19% 1073 2.00(6) 4.70(7x 103 —5.361 0.996

0 2000 4000 6000 t(sggo) 10000 12000 14000 aSee text for explanation of the symbols. Esd’s are reported in

parentheses.

Figure 7. Data for the fractionX(t) of 5-PcCo formed during the.

— [ phase transition at 25TC. The plots refers to the five different parameters (increase of the intensities of the peaks ¢f-fbem,
g-ranges (see text for explanation). coupled with a decreased FWHM).

Il. DSC Data. The calorimetric data were collected over the
range 182.5C < T < 270°C (Table 6). Every isothermal run
shows a well-defined single peak indicating a single-step
B phase transition, without the occurrence of intermediate
ordered phases.

Different from the EDXD data, an induction time of the
isothermal phase transition has been observed. This delay is
related to the temperature at which the experiment has been
carried out, as indicated by the tintg at which the phase
transition starts. In particular different linear trends have been
observed in the two ranges 22870 and 182.5225°C in the
1/T (K) vs log(tin) plot (Figure 9). The data have been therefore
used to derive the empirical activation enerBy from this
Arrhenius-like plot, following the procedure successfully applied
in the kinetic analysis of the formation of zeolite*¢ The values
of 38.7(8) kcal/mol (temperature range: 182225 °C) and
25.6(16) kcal/mol (temperature range: 2250°C) have been

. therefore derived.
Figure 8. Three-dimensional plots channelsitensity—time of thea The phase transition has been quantitatively analyzed by
— f phase transition collected at 25Q. means of the Avrami equati®fr3® (eq 3), whereX(t) represents

disordering of adjacent columns of molecules of phthalocyanine
from their originalo-type arrangement (on the EDXD spectra
this step corresponds to the decreasing of the intensities of thet
peaks of thex-form). (2) There is crystallization of the-form

from the disordered phase by rearrangement of the columns of
Pc molecules. No evidence of the occurrence of intermediate
ordered phaseg form of ZnP&8) was observed (the peaks of 59é36) Joshi, P. N.; Kotasthane, A. N.; Shiralkar, V.Zeolites199Q 10,
the 5-form become appareqt). 3 Flnally, there is crystal growth (37) Avrami, M. J. Chem. Phys1939 7, 1103,
of the f-phase from ingestion of various nuclei to an average  (3g) Avrami, M. J. Chem, Phys194q 8, 212.
particle size of 2500 A, as indicated by the fitted peak-profile  (39) Avrami, M.J. Chem. Phys1941, 9, 177.

X(t) =1 — exp[—(kt)"] @)

he fraction of the new phase at timandk andn are constants.
This equation assumes that a nucleation (assumed to be random)
and growth mechanism characterize the transformation.
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10.0

Y = -33.6(9) +19458(427) * X
R2=0.997
E = 38.7(8) kcal/imol

©
o

®
[=]

* 182.5°C

'
\\\\‘LAL\\JLJXJ;

7.

o
!
1

In tin

Y = -21(2) +12912(810) * X
R?= 0.962
E,= 25.6(16) kcalimol

3.0 \\ ¥ ‘ T ‘ T T T T ‘ T T

1.80E-3 1.90E-3 2.00E-3 2.20E-3

T (K)
Figure 9. Arrhenius-like 1T (K) vs log induction time ,) plot as
determined from DSC data. The experimental points are aligned along
two regression lines with significantly different slope.

2.10E-3

The values ofX(t) have been evaluated from the equation

tdQ
_ fnnﬁ dt

tfind_Q
S o

X(t) (4)

whereti, is the time at which the process starts dgdis the
time at which the process is completed. Ttheandts, values

Ballirano et al.

0.0 — — -
1 270°C
i 3 Y = 12.7(9) -7461(474) * X
] R2= 0.957
10— a0 E,= 14.8(9) keal/mol
: Q &
20 — ¢
] “ .
- // ‘o
x ~ N
-3.0 —
= - 220°C .
] *
40 ] 182.5°C
] . !
. .. ;
50 Y = 35(2) -18419(816) * X . |
1 R?= 0.989 DA
i E,= 36.6(16) kcal/mol ;
- |
60 |71 ‘1“‘3“““‘
1.80E-3 1.90E-3 2.00E-3 2.10E-3 2.20E-3
UT (K)

Figure 10. Arrhenius Ink vs 1/T plot for the DSC data in the range
182.5-270°C. Two different behaviors, corresponding to two different
empirical activation energiels,, are evident.

(16) kcal/mol (temperature range: 1822%20°C) and 14.8(9)
kcal/mol (temperature range: 22@70 °C). The empirical
activation energy for the temperature range 18220 °C
compares favorably with the corresponding value as derived
from the induction time (see above). A more pronounced
discrepancy has been observed, on the contrary, for the
temperature range 22@70°C. Despite these differences, it is
important to point out that in both cases a discontinuity has

have been set, for each DSC run, as the minimum and thebeen detected in correspondence of almost the same temperature

maximum of the first derivative of the peak, respectively. The

X(t) vst curves for the various isothermal phase transitions show
the well-known sigmoid shape, indicating a typical autocatalitic

process. Data were processed with local programs.

To numerically evaluate the sigmoid function a nonlinear
fitting of the Avrami equation (number of data points ranging
from 16 to 46) has been carried out.

The various DSC runs lead to a phenomenologicablue
comprised between 2.34 and 2.68, with the only exception of
the data set collected at 1826 characterized by an value

(220 and 225C). This discontinuity is therefore indicative of
an abrupt change in both induction time and time necessary to
complete the phase transition. The physical meaning of this
change cannot be simply inferred. According to our expectation
we may suspect that in the low-temperature range both nucle-
ation and growth processes are present whereas at high temper-
ature the prevailing process is that of nucleation. Following this
reasoning we may hypothesize that 14.8(9) kcal/mol represents
the energetical demand for the nucleationjePcCo.

As previously pointed out, the main difference between the

of 2.00. Therefore the phase transition should be described aswo data set (EDXD and DSC) is that in EDXD no induction

isokinetic as the mechanism does not change within this
temperature range. Furthermore thealues are indicative of a
two-dimensional growth.

An estimate of the empirical activation energy from an
Arrhenius plot of Ink against 1T has been also carried out.

Since
Ea)
k=A GX4—R—T

this plot is linear with a slope of

®)

E

a

RT

As in the case of the induction time, two different linear trends
have been observed into the two ranges 18220 and 226
270°C in the Ink vs 1/T plot (Figure 10). Correspondingly,
two different values of the empirical activation enefgyhave

time has been observed (the intensity of the reflections changes
immediately), whereas in DSC the transformation starts after a
time that is related to the temperature at which the experiment
has been carried out. This discrepancy may be due to the
difficulty of DSC to detect small continuous distortions of the
structure characterized by small thermal effects. These structural
rearrangements, on the contrary, may significantly change the
intensity of the EDXD reflections.

Conclusions

The structure of the acid-pasteform of PcCo has been
determined through the Rietveld method. This polymorph is
characterized by a different way to stack the columns of
molecules, which develops along thalirection with respect
to f-PcCo. It is triclinic, space groupl, cell parameters =
12.090(8) Ab = 3.754(2) A,c = 12.800(9) A,a. = 88.96(6},

B = 90.97(6), y = 95.09(7, andZ = 1. Whereas in th¢
form adjacent columnarly stacked molecules are perpendicularly

been obtained for the two thermal ranges. These values are 36.6aligned each other, leading to a zigzag array, indiferm of
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PcCo they are parallel. The arrangement is also different with activation energ¥, have been obtained from an Arrhenius plot
respect to thed form of the metal-freand Pt phthalocyanife of In kagainst 1T. These values are 36.6(16) kcal/mol (temper-
where the angle is of ca. 125From the refined peak-profile  ature range: 182:5220°C) and 14.8(9) kcal/mol (temperature
parameters a crystallite size 6fL150 A, value close to that of  range: 226-270°C). An evaluation of the phenomenological
nanocompounds, has been estimated. Our structural data are im parameter indicates a 2D-growth mechanism. The phase tran-
agreement with the HRTEM photograph @f PcZn’ but not sition may be described as isokinetic, at least in the investigated
with the conclusions drawn by the referred authors. In particular temperature range.

our unit cell contains only one molecule with respect to the According to our results a three steps model for the—

four indicated by ref 7. According to reference powder X-ray s.pcCo phase transition has been proposed: (1) disordering of
dat#1?it is possible to hypothesize the presence of a further agjacent layers of molecules of phthalocyanine from its original
polymorph for PcCo: this polymorph could be possibly isos- o-form; (2) crystallization of the8-form from this disordered
tructural witha-PcH and_a-PcPt. The occurrence of this form phase through rearrangement of the layers of Pc molecules,
could be related to the different preparation procedures referredynere no evidence of the occurrence of intermediate ordered
above as (1) and (2). phases was observed:; (3) 2D-crystal growth ofphase from

_ T_he isothf_ermabn — S phase transition ha_s been followed the nyclei to an average particle size of 2500 A, as indicated
in-situ real-time by means of EDXD. Two different data sets by the fitted peak-profile parameters.

have been collected at 152 and 280 Each diffraction pattern
has been divided into five different zones where the intensities Acknowledgment. Thanks are expressed to the Italian Re-
have been separately integrated. Two different behaviors havesearch National Council (CNR) for financial support.

been observed: in particular the first two ranges, corresponding

to long interplanar spacings, show a rate of reaction significantly Supporting Information Available: Tables of additional

lower than that of the other three ranges. This bimodality may bond lenaths and hvdroaen positional and thermal parameters
be attributed to the higher or lower easiness to rearrange different gin ydrogen p P .

. . (3 pages, print/PDF). See any current masthead page for ordering
types of interplanar spacings.

Calorimetric data were used to model the kinetics through information and Internet access instructions.
the Avrami equation. Two different values of the empirical JA973815P



