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- Abstrack: . The crystal and molecular structure of the mohohydratéd;

aipyridingted,magnesium phthalocyanih M’gC32 16 N8 H 0- 205H5N,

has been determinéd by x~-ray diffraction. The crystals are monoclinic,
space grbup_?21/h, with cell parameters a = 17.098: + 0.003 L,‘Q =
16.951 + 0.003 , ¢ = 12.449 + 0.003 %, and B = 105.88 + 0,003 °.

The structure was solved by a combinatlon of statistical and Fourier

methods. All hydrogen atoms were 1ocated, and least squares refine-

ment has reduced the conventional unweighted R value to 0.050 for

the 3323 independent, non-zero reflections. The asymmetric unit
coﬁtains-chevmagnesium phthalocyaniﬁ molecule in which the mégnesium.

atom is also coordinated to the oxygen atom of a water molecule.

The hydfdgens of the water molecule are hydrogen-bonded to two

‘_pwridine'molecules of crystallization. The phthalocyanin ring

deviates signifiéantly from a plane, and the magnesium atom is

0.496.1:0.004 ! out of the plane of the inner nitrogen atoms
téwarda'fhé water molecule. The phthalocyanin molecules are

cldge tdgether in pairs and their minimum intermblecular )

‘atomic éeﬁafation is 3.239 + 0.004 L.v/Tbe biosynthesis and .

possible non-planarity of chlorophyll are discussed.
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Sevéral;phthalocyanin (Pc) structures have been determined

previously, notably those by Robertson and his coworkersz-6, by

7’8, and by Vogt, Zalkin and Témpletong. The'phthaiocyénin ring

was found to be roughly planar with the central metal atoh in the |
piane of the molecule. One of the metallophthalocyanin structures

_ (See below.
studied by Robertson was the magnesium derivatiire4 (Mch)ﬂA Through
a compériébn:of cell paraneters and qualitative intensity data,

Robertson showed that MgPc, when syhthesized and crysta11ized>in

an anhydrous environment, was isomorphous with the other B-Pc's. .

_In the course of an investigation of several porphyrin crystals,

we observed that Mch, when crystallized from an uncoveéred pyridine

solution, i.e. a.non-anhydroué environment, had different cell

 dimensions from the other Pc's studied. We were interested in

,obtaining a Pc structure of high accuracy since this would be an .

important ingredient in the calculation of molecular orbitals and

“-the related chemical ground and extited state properties. 4 .
.detailed structure of a magnesium porphyrin, barticularly if

‘solvaﬁedg‘ubuld help in understanding the chemistry of magnesium

10-12 and of chlorophyllr3.
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» independent,assay of the hydrogen present (H

Experimental Procedure

" The Mch used in this structural analysis was obtained from
E.I, duPont Co., duPont Code No. DD 1383. Although the bottle

- was labeled Magnesium Phthalbcyanin, the'analysis of nitrogen

~written on the bottle (N, = 20.88%, N ; = 19.5%) and an

calc = 2098%,

H = 3.53%) imply that two water-mplecules of hydrétion afe.

obs
present per Mch molecule. The violet colored powder was

. recrystallized from an air~exposed solution in pyridine by
- 8low evaporation to dryness. The deep violet crystals which

‘remained were well formed. The most prominent faces of the

crystals are the forms (011), (110), (101), (10?), and. (210).
Weissenberg photographs of the Okf, 1kf, 2kf, 3kf, and 4xi

levels indicated Lave symmetry 2/m. . The observed systematic

_ absences (0x0, for k # 2n; go&,vfor h+l # 2n) correspond to the

monoclinic space group PZT/n, with the four general equivalent

. posi;*;ﬁionsv'-‘»' XoXoZ3 =Xo=X,-25 BV, BY, 575 £X,H¥,iz. A
.Geneégl Eléctrig XRD-5 x~ray diffractometer equipped with a
copper x-ray tube, a manual quarter-circle Eulerian~-cradle goniostat,
jand_a .0005 inch thick Ni-filter at the receiving slit were used

. to measure both the cell dimensions and the intensity data. ‘The:

unit cell dimensions were determined friom the d-spacings of the

goo,vooéxogo,hpg, and hOh reflections. The alpha doublet

- (N=1.5405 } for CuKa7) was resolved for those refleétioné of

highest order. The cell dimensions are a = 17.098 + (),003 §,
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b = 16,951 + 0.003 i, ¢ = 12. 449 + 0,003 }, and B = 105.88 + 0.02%
The observed density of 1.368 + 0.015 g cmfs, which was determined
- by flotation'in an aqneous ZnBré solution, agrees well with the
calculated density of 1.364 for aoformule weightlof 713.1 of one
MgPc, one'Water, and two pyridine molecules, for Z = 4, and for a
unit cell volume of 3470 33, The calculated denmsities for one
Mch 1% Mch and one MgPc and two pyridine molecules are 1.025,
1.539, and 1. 329 g cm 3, respectively. |

The data were taken on a crystal of approximate dimensions 0.1 X
0.1 x 0.15 mm so aligned that the reciprocal g axis coincided with
the instrnment o axis. The distances from the source and from the
.receiving slit to the crystel were 14.5 and 17.8 om respectively.
. 411 of the*independent reflections (excluding space group absences)'_
lying within one quadrant of a sphere in reciproCal spece corfespondlng
to spacings = 1.006 A (20 = 100°) were counted for ten seconds with |
lboth crystal and counter stationary and at a takeoff angle of 4°.
l'Individual backgrounds were measured for those reflections seriously
affected by streaking from lower orders; for the rest backgrounds
‘were- taken from a plot of the background counts as a function of the
Bragg scattering angle for various values of @ and x. Of the 3558
‘reflections measured, the intensities of 3323 were above background.
Periodic checks of four standard reflections showed only Small (£2%)
random variations in lntensity. Variations of only 5% in the
1nteneities of the hOO reflections were observed as a function of'tne

erystal oriontation, and no absorption correction (u = 9.1 en™ 1) was




applied; :
| Atomic”s¢atﬁering factbﬁs 6f Cfomér and Mannlh for the non-hydrogen .
"aioms aﬁd thoSe*of Stewart, Daﬁidson, ahd Simpson15 for thevhydrogen atoms
‘wére used., The gﬁbmalousvdispersion corrections giéenrby Cfoyeflé

(af = 0.15, Af"‘= 0.19) weré4USedvfdf maghesium. The‘function.minia
mized‘by least squares was RZ? ='EW(AF)2/ﬁW(F°)2. In fhe eafly stages

of refinement,yvs 1.0, but later w = 0 if IT=0and w = l/o?(F)votherwiseg
o(F) was caleulated from o2(I) = T + 2L, + (cD)?: o(F?) = (1P)1o(1),
o(F) = [6(F2)jé if 1= o(I), and ofF) = F - v[F2 - G(Fz)]% it 1> o(1).
“In these exprgssions I is the net éount, Ib is the background count,

'ILP is the Lorentz-polarization factor, and c is a paraneier which was
o_riginany fisced at 0.07, later at 0.05.

| ‘The following progfams for the CDC 6600 computer were used in

this structure analysis and interpretation: GONIO,la goﬁiometricv

: settings'programg INCOR, a general data reduction progrém; FORDAP,
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a Fouriér anaiysis program;_DISTAN,_avcrystallograﬁhic bond distance
and bond angle program; LIST, a data presentaﬁion progrAm; WILSON,V
an unpﬁblished w1lson-plot program by Maddox and Maddox; R. E. Long's
.phase determination program ; LS200, our unpublished modlfied
version of the ‘Ganzel-Sparks-Trueblood least‘squares program;
»DATLOK D J. St.Clair's unpublished weighting scheme analysis

program, and ORTEP, Johnson 8 molecular crystallographic plotting

18
program._ i
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Solution‘and Refinement'of the Structure

: Normalized structure factors, gh were calculated using Wilson s'L
| Method19 The{phases of the highest 181 Eﬂvalues z 2.0 were determined

from Long s sign determination programf‘7

whichviteratively applies‘
~ the equation: sign(Eon)- sign(Z gkgh X The fixed positive phases o
_ of the 135 014, and 132 reflections defined the origin and ‘the phases .
of an additional four reflections 024, 381 192.vand 15 were held .
- fixed : for each of the sixteen ‘computer runs in which they were '
‘_allcwed to have all combinations of positive and negative phases.
,m;consistency index defined a8 c =2 ZkgnEk§h~k/ th |§h§k§h~k|_
was calculated for each combination. Two of the sixteen possibilities
had ¢ = '0.68, whereas C = 0.47-0.55 for the other fourteen.
~ Fourier maps were calculated from the E values phased from the
two most consistent sets. One map‘showed a halfrmolecule adJacent to
.a center of symmetry while the other showed a full molecule with the '
" same orientation but translated to a general position with the
’vmagnesium atom at the fractional coordinatee (. 30,.00,.55) We
checked the orientation obtained from the statistical approach .
in two ways. First we found that the plane through the highest :
'peaks of each E map agreed well with the plane of highest density
"calculated from a three-dimensional Patterson map. Second ‘an o
_ 'optical transform of a single molecule was made by shining &
i ilaser beam through a photoreduéed image of the molecule.- The
orientation‘of the molecule on the plane was determined by_rotatingl“
~ the image of the molecule and oomparing_resultanthrotated optical‘ |

.\ .
P



10
transfofhﬁwithvthe z}values (i.e. the normaiiied trénsform of
thé‘électron density) for the hOf data. This technique suggested
that the 6rientation of the molecule in the plane agregd wifh the
E map ofientation'to within five degrees.

Conventional least squares and Fourier célculationsrwefe used
to distinguish between the two possibilities. - The poéitions'ofvthe
twenty-twp highést peaks én the E map uiih'the mblécule in tﬁe
speciéi'position wefe refinéd to a discrepancy index of R$ =
Z(IkFo]—ch‘)/Z]kFol = 0.62, A Fourier syntﬁesislusing F_with the
phases of F_ Tevealed no gdditional atons in'regsonable locations,
and the use of this trial structure vas terminAted. Thirty-six
of the highest péakS'on the other E map with'tﬁevhigh consistency

index refined to Ri = 0.45. The remaining six atoms in the MgPc

ring were among the highest peaks of a difference Fourier synthesis,

and R, with the 42 atoms refined to 0.37. Another difference

Fourier was calculated using all of the data. The twelve
highest peaks, in the form of‘fwo pyridine rings, were added

to the previous 42 té bring the nunber of atoms up to 54 and the
R1 value down to 0.18. Subsequently it was determined that

52 of the 56'highest peaks in the correct E map corresponded
to.atoms in the asymmetric unit. The remﬁining two atoms
appuarod only 25 shoulders on two . >§ther peaks.

After several mispunched data were co”rectnd R droppcd to

1

0.13." ﬁnlsotroplc tenperature factors of the form exp(—g 511-k 522

5 ‘
-8 pqsa?pb 12m23§$23—2§§813) vere used for the 5/ atons. A

&
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diagonal least squares refinement of the 487 parameters including.

the scale factor k reduced R_ to 0.101. The positions of the

1
hydrogen‘#toms_wére found in a difference Fourier map caiculated_.
from éll non-zero reflections. They were given isotropic .
tempefature factors which were allowed to vary, and the diéérepancy
index dropped to 0.070. To economize on computing time the 82
atoms were split into three.grohps: the water and two pyridine
molecules as one group and the two halves of the Mch molecule

a8 the other two groups. Full-matrix least squares refinements

were run on one group at 8 time keeping the atomic coordinates

of the other two groupé fixed., Each group was refined for only

one cycla.before refining the coordinates of another-group.
Thrée-cycies for each group reduced R1 to 0.054. At this

point it was noticed that the values of |F°/ch-f6r the reflections

‘of highest intensity were all leés than 1.0. Remeasurement of

the intensities of these strong reflections at lower x-ray flux .
prbvéd that non-linearity of the scintillation counter was not

responsible. Therefore an extinction correction of the form

 F; = F6(1 + (EF)(I)), where the extinction factor EF is a constant

='5_x 10-7, was applied to give a maximum correction of 14% for the

_étrdngest reflection. The most intense reflections were now given

:a higher weight by changing ¢ in the weighting equation from 0.07

to 0.05. R1,was reduced to 0.052. The atoms were now divided

into two groups: the 57 atoms in the MgPc ring and the remaining

 25:atom3. Three full-matrix least s@uaresvcycles run on one

N
~
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'~ group ab . a timzs reduced the maximum shift of any parameter' L
to less than one-tenth of its standard deviation.

The final discrepancy values are Ry = 0,050 for 3323
non-zero data, R; = 0.056 for all 3558 data, and the weighted
R, = 0,050, The standard deviation of an observation of
unit weight 'is' 1.02, There is no systematic tren_d in either
]FO/FC] “or wolAr| as a function of intensity or Bragg anzle.

In a Fourier synthesis of AF based on the final structure

no peak w&s hisher than 0,18 e 5'3.
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'Results and Discussion

Pt Pt s s 0 P

Theesymmetric unit contains:one MgPe, one water and two
pyridine molecules. Figure 1 shows the atoms in the eSYmmetric unit
prejected on the bc plane and indicates the numbering systen.

The final.afomic.parameters for tﬁevnon-hydrogen atoms;are listed.
in Table'I while those for the hydrogen atons are preeented in .
Table II. Hydrogen atoms are numbered by the atom to which they -
are attached. The observed and calculated structure factor.
amplitudes ‘F | and |F | are listed in Table III.

The Mch molecule itself.is non—planar, and the magnesium atom
is 0.496 X out of the plane of the eentral‘nitrogen atoms directed
-towards the‘ﬁater molecule. The two hydrogen etoms_of the waterize
molecule ere'hydrogen-bondea to the ﬁwo pyridine molecules of
crystaliiZatien; and the planes fhrough the.pyridine molecules

make angles of 8.6° and 30.8° with the plane ihrough the four
- central nitrogen atoms of MgPc. The intramolecular.bohd'distances
| and bond angles, which are presented in Tables IV and V respectively,

2-9

are the same as those in other Pc's™ 7 to within the respective

standard'deviations. The precision, however, is greater by at
in this work S
least a ‘factor of two for the Mquﬂthan for the other Pc's. .

The environment around thekcentral magnesium atom is deplcted
in Figure 2. The 2,022 + 0.003)g-0(1) distance is increased to
2,028 if cerrected for thermal motion according to the model with .
the water molecule riding on the Mg atom. This distance is only

slightly'shorter than the average M'g-OH2 distaneee for the six-



: coérdinaée magnesiuﬁ aton in fheiérystais CezMgs(N03)12'24 sz
(2.06 + .01 1), Mg(NHZ)z(SOL)z‘é_Hzo (2.07 + .01 )%, and
Meso, 6 H,0 (2.06 + .02 R)*°, |

Other fivencoordinate metalloporphyrins whose crystal structures
have been determined include methoxyiron—(III)-mesoporphyrln-IX--_

25

dimethyl ester (MeOFeMeso)zA,.chlorohemin , and vanadyldeoxophyllo—

erythrbétioporphyrinzé. The n;nplanarities of the metal atoms are
0.455 A'for the first, 0.475 & for the second, and 0.48 A for tﬁe
third case. A major differende is that the‘metal chloride or dkidé
vector in each of the other three studied 1s colinear with the Ct-M
vecfor.to within-o,déo, where Ct is the center of the square formed
by the four central nitrogen atoms. For thé Mch-theré is a distortion
of 3.66 + .15° for the Ct-0(1) vector. The distortion in‘Mch, which
results in the four different N-+0 distances in Figure 2, is most
likely»dué to the.strong-intergction between the water and pyridine
-moleéules, : | ,

in MgPc the O°°N distaﬁces'of 2,739 + 004 A to N(41) ‘and 2. 753
+ ,004 K t§ N(47) are somewhat shorter.than the average hydrogen :
" bonded 0°°N distance of 2,80 A. ‘The O-H-N angles to the N(41) and
N(47) atoms are 172 --4 and 167 _:4 ’ respectively The closest
approaches between the Pc and pyridine molecules are shown in _
Table VI. The relatively short 0°°N distances and the stability .
of the air-exposed crystals indicate that thelhydroged bonds are

relatively strong.
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Chemically-equivalent bond léngths and'angles fof the.Pc averaéed_
in.accordance'with Chv (hmm)lsyﬁmetry are shown in Figﬁre’3; The departures
" from the mean bond lengths larger than 0.006 & are (in k): +0.012 for.
c(32)-N(33), -0.011 for N(13)-C(1L), -0.009 for N(31)-C(32), and |
40,007 for c(1L)-N(21). None is more than 3¢ of the respective bond
length, - The largeSt-differénces from the mean angles are 3.50 for
Mg-C(23)-C(2L), 3.00 for Mg-C(33)-C(3L), énd 3.00 for Mg-C(13)-C(12).
These are déviations of 6.6—0.70. |
Because of the deviatiqns fromvplanarity, shown in Figure h,‘the
atomic_positionélin MgPc do not coAform to CLV symmetry, and they.differ
'from even miirorvsymnetry by more than thirty times the standard de&iations
Ifor some atqms._ HOWeﬁer, each pyrrole and benzene ring is planar within
_H‘Q,O2‘A. ‘Most.of thevdeviations from planarity for the MgPe molecule‘cén
be described by three sets of operations indicated in Figure 5: (a) thé;
.filt of the pyrrole groups around the-line through atoms C(2) and c(l), .
. (b) the:rotaﬁioh.of both pyrrole and benzene groups around the line
‘between N(3) and the midpoint between atoms c(7) andRC(S), and (c) the
 tilt of iﬁe beniene rings around bond C(5)-C(10). The first of ﬁhese..

can be as large as 30° for the p_orphyrin'diacids.Q8 The third, which is the
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angle between the planeg through a pyrrole and its fused benzene |
ring, is an indicator of the amount of conjugation between the pyrrole
- and bcnzcne rings. The amounts of the rot@tionsvfbr each of the
three operations.-and for each of the four corners of the MgPc
molecule are listed in Table VII. | |
The packing arrangement of the unit cell is shown in Figure‘é;
\ The-Mch:molecules are ciose together in pairs about the centers
of symetry at ( 203) and (030). A view of the "dimer" as seen
perpendicular to the plane of the central nitrogens is shown in
- Figure 7. The planes‘through the pyrrole nitrogens cne sepatated'
by only 3.506 A, a distance only slightly greater than the 3.354
A interplanar spacing of graphite29 and the 3.34 R spacing of
” not involving hydrogen atoms
B-CuPc « The closest atomlc approach between molecules1is 3.239 A
which is the distance between atoms C(7) of one molecule and
10(24) of the other. All C**°C and C°*°°N intermolecular distances
less than 3.5 R and all C°*°H and N°°'H intermolecular distances
- lessvﬁhan 3.0 & are listed in Table VI. In comparison the shortest

non H—atom intermolecular contacts in some other porphyrin

30 3 5

3.38 & in H_Pc andNiPc,v

2
~and 3.39 } in MéOFeMbsozA, which are all longer than the

structures are 3.43 A in porphine

shortest distance in MgPc.
| | Packing forces can explain qualitatively some of the'deviations '
f;om planarity of the Pc ring. The ruffling is in the proper'
direction to maximize the distance between overlapping groups in the

. "dimer". The closest intermolecular approach, between C(24) and
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0(7); govérns the ruffling of groups C(2) through c(10) and’Q(22)'
through C(3p), and the appfoach'betweén_atoms €(19) and C(36)
twists those groups out of the plane. Benzene ring 6(5)—0(10),

| the least pianar of any of the benzene rings, is invol#ed in the
closest intermolecular approach. | | |

31,of a porphyrin may be

The fradius of the central hole"

definéd és'the distance from the pyrrole nitrogen to the center

(Ct) of the molecule. Through a compilation Qf_the results of
?mahy'porphyrin and metallbporphyrinvstructﬁres, Hoard31 has shdwﬁ
that the metal atom lies in the plane éf thelfoﬁr nitrogen

atoms of porphyrin molecules only wheﬁ the M-N distance is lesé

than 2.01 &. The M-N distance in porphyrins is usually 0}05-0.50_' '
i larger than in Pe's. Since the Mngidistanée'iﬁ”Mch~1g.
2,040 + ,003 i, we expect that the Mg-N distance in Mg-porphyrins,
~when ihe magnesium atom is in a similar environment, will be at
least 2,070 + .02 A. This distance is analogous to the largest
metallbporphyrin M-N distance thus far reported, ;.g; in MeOFeMesozA,
lin vhich the iron atom is 0.46 X out of thevplane of ﬁhe centrél
jﬁitrogens; From molecular orbital calculations Zerner, Gouterman,
' andeobayashi32 have predicted thgt the magnesium atom in porphyrins
will hé&e ~0.5 positive charge oﬁ»it. For the'chlorophyll‘mblecule H_
Katz et al have shownS2s 3% that intermolecular aggregation most -
 likely in&olﬁes the coordination o% ketone and aldehyde oxygen

" atoms of one molecule with the central magnesium atom of the other.
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The central magnesium atom then would be in an environment simllar 'i
to that in MgPc, This suggests the p0551bility that there is a |

. gimilar non-planar orientation of Mg in porphyrins ln general and v
very likely ehlorophyll in particular, vhen they ere in a hydrated’_ |
blological environment or when the chlorophyll is aggregated. o _'t ; ¥

The existence‘of hydrated pentacoordlnatei magnesiun atoms |

mey'help.tofexplain the role of water in both the pyridine-

10 and the biosynthesis

Mg porphjrin complexing reported ty Seely
of Mglpornhyrins. Seely has reported at least a twofold enhancement
of poly(vinyl pyridine) complex formation when 0.016%VH20 was added
to the'nitromothane solutions of the Mg porphyrins=or MgPc. The water
molecules.miéht act as a pivot between the polymer and porphyrin '
.molecules..-This woula allow more mOVement-of the porphyrin ”
molecules so that other pyridine molecules would be available for -
complexing.
in the insertion

Plane et gl . have studied the effect of pyridlne as a catalysqﬁ
and removal of magnesium atoms in water solutions of deuteroporphyrins.
bwhen'pyridine or some othervcatalystlis present, a complex Similarv

to the. Mch'H 0°2C_H_N might be formed. The hydrogen~-bonding of “

5 5
the bwidging water molecule with its donation of positive charge to |
the pyridines would leave the oxygen more electronegative. The

more electronegatlve oxygen , in turnm, VOuld attract the magnesium'
atom to form a stable complex with the magnesium atom half-way

out of the plane. This would be in contrast to a more nearly

planar molecule when pyrldine is not present. From steric con- :

siderations alone, it would be more difficult to insert and

remove the magnesium atom from the more planar configuration.
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In the blosynthesis of chlorophyll, a similar Mg coordination ”

compound might be involved with the imidazole of a hrstidiné, for"l

example,vreplacing the pyridine molecules. In fact, Baum and Plane

"found that the imidazole as'well as several other‘nitfogen bases

can act as catalysts similar to pyridine,

1

35 !.
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 Table I. = Final Atomic Fractional Co--ordinates and‘Thermal

Parameters® of All Nonhydrogen Atoms in the

Asymmetric Unit2,

ATOM X. ; Y 4 8it 822 833 Bl2 813 823

nG «33142(6) +01498(5) +539841(T) 3.98¢( 5) 3.13¢ 5) 3.05¢ ) ~a170 &) .84l &) -.201 41
[} «2195¢( 1) <0569t 1) sh6241 2} 4,44(12) 4.81112) 3.45011) ¢33t ) 1.05(11) «210 9)
v LY «4600( 1) +lé44l 1) .51180 2} 4.01(12) 3.541(13) 4ate(tl) -.16(10) <8410} -.02(11}
C2 «h44TL 2} «1063( 2) «4351( 2) 3,57(15) 3.661(16) 3,94116) ‘e13(13) aT4{12) «28114)
N3 e4029(0 1) . 03861 1) 43681 2) 3.91(12) 3.57(13) 3.54112) -223{10) 1.07C 9 -.07119)
C 4 <4045 2} -.0051{ 2} «3447( 2) 3.221016) 3.87116) 3.69(15%) .19(12) ~760121} J12014)
cs «4481( 2) «0384( 2} «27851 2) 3.43114) 4.16(17) 3.53(15}) 43113} +891{12) 231113}
Ceé «4837( 2) © .0228( 2) «1769( 31} 4,28(17) 4.65(19) 4,20118) «38115} 107814} «11016)
c7 «50241 2) «0800( 21} +1320¢ 3) 4.57118) 6.334{23) 4.16118) «46116) 1.71015) «64(18)
[ «5282¢ 2) «1505( 2) -.1g88t 3) 4.53(18) S.0(21) 5.150(21) . -.28(16}) 1.82115) 1.07¢118)
9 «5159¢( 2} «1651( 23 «2920( 3) 4,20117) 4.38(19) 4.52(19) ~e10{14) «87{16} «16(16)
c10 «4735( 2) .10921 2} «3352( 2) 3.34414) 40130171 4,081(15) elB8L13) 2970121} «550141}
N1t «3724¢ 1) =-07611 1} «31631 2) 4,08112) 3.69(13) 3.52112) 00(11) «92(10) -.00(10)
(4 ¥4 <3361 2) ~.1186(0 2) «3789( 2} 3.T2(15) . . 3.621(16) 3.220151} 01012) «T73112) -.07(13)
N13 «3237¢ 1) -.0975( 1} +A7890 2) €.13(12} °3.33(12) 3.261(12) ~e48110) .86(10) «00{10)
14 287201 2) -e1587{ 2} «5165( 2} 4e09115) 3.33(15) 3.24(015) e18112) «541012) «040131)
cis «2729( 2) -e22291 2} «h362( 2) 4.011(15) 3.40(16) 3,641(15) «15112) <3701 2) -.19(13
Cls «2356( 2) ~22965( 2) 43280 3) 4. 720278 3.78017) 4.261(18) “oh3(14) «66114) -.2601%)
C17 «2292¢ 2) -.34261 2) +33901 3) 5.95(191} 3.921(18) 5.12(20) ~.81{151) 1.01t15) =-1.02(17)
c18 «26001 2} ~e31630 2) «25201 3) 601620} 4.28(19) 4,34118) -.20116) 291115) —1.44(16)
€19 «2973( 2) -«24450 2} «2552( 3} 4, 76117} 4.16119) 4.15418) 301140 1.26(14) -.33(15)
€20 «30350 2) ~21975{( 2) «34930L 2) ¢ 3.89(15) 3.38115) 3.51115) «h4t12) +80(12) -a16(13)
N21 «2658( 1) -.1628( 1} <8125 21} 4.34113) 4.06(13) 3.12412}) -«36(10) -86(1C) -¢37411)
€22 «2798( 2) -e1049( 2} «68881 2} 3.63(14) 3.90117) 3.41(151) ~«05(13) «71011) «13013
N23 #3129¢ 1), -.03240 1) «8814( 2) 4.25(12} 3.321(12) 3.34(12) -.18(10} L1510 9) -.03010)
€24 32231 2) «005T7( 21} <7120 2) 3.811015) 3.77(16) 3.08t15) «51(13) «42112) -+26113
€25 029291 2) -.0465T0 2) .8562( 2) 3.456(14) 4.13(16) 3.191015) -15(12) «82112) «05(13
. C26 29081 2) ~«03501 21 «9660t 3} 4,28(1T) 4a53(18) 3,6901T) -e37114) ~87013} ~a22(15)
€27 «2598( 2) -.0961( 2) 1.0147¢( 3) T 5.70(19) 6.57124) 3.90(18) -+88(17) 1.64115) ~a22018)
(¥} «2307( 2} ' -.16450 2} «9560( 3) 6.33420) 5.98123} 4.61020) -1.4001T) 2.20(16) 40118
€29 «2323( 2) -.17501 2) +B4661 3) 4.68017) 4.91019) 3.84(18) -e38(15) la16t13) ~e221(15)
€30 «26531 2) -+1138( 2} « 19761 2) 3.561(15) 4.09(16) 3.40015)  -.13(12) «89(12) «OTL14})
N31 «3563( 1} «0763( 1} «B8103( 2} 4.34113) 3.38(13) 3.55012) L07011) .80(10) -.30{16)
€32 «3895( 2) «1197( 2) « 74580 2} 3.881(15%5) 3.36(15) 3. 64118) «32{121} LH4012) ~.11013)
N33 «3927¢( 1) «1035( 1) «6386( 2) €.10012) 3.53(12) 3.59(12) ~e27(10) «B87(10) ~«10110)
€34 «4381( 2) <1605t 2) «6071C 2} 3.87015) 3,22115}) 3.91(16) «08112} «81(13) «051(13
€35 k6261 2) «2191¢ 2) «89610 2) €.04115) 2.99115) 4.36016) «03(13) «56(013) «11¢13}
€36 «5073( 2) . . .2885( 2) 70661 3) 5.21119) 4.02119) 5.41021) -e44(15)} 1.10(16) -.08017
€37 «5217¢ 2) . «3295( 2) _«8050( 3) 6.02120) 3.97(19) 6.33(23) -1.01(16) «81017) -e85(186}
c3e «h916( 2) 30280 2) «B8917( 3) 6.6T122) 4.51421) 5.661(22) -e62(17) «h6(18) -1.04(18)
€39 «44720 2) «23410 2) «.8830( 3) $.32116) 4.17019) 4.76120) ~.25015) «65015) ~eT6116)
- €40 «4329( 2) «1930( 2 .7834( 3) 3.98(15) 3.061(15) 4.00(16) «40(12) «15113) -.35(14)
N4l «13101 2) 07610 2} «61371 2) 6.61(16) $.85(17) S5.6911¢) «23114) 2.05(13) -<37115)
Ce2 <1031 2} .0185( 3) +6650¢ 4) 6.30(21) $.47(23) 6.92026) -.36117) 1.69118) -.86121)
Cal «09551 2) «0237( 3) 217031 &) 6.63(23) 8.291(31) 8.77(28) -.14121) 2.67020) «94(26
Ca4 «1177¢ 3) «091Ll &) «B8279( &) 6.87124) 11.001239} 5.,03(25) - 2,46(24) 1.91120) -.51(28)
€45 «1485( 3) «1524( 3) <7761 4) 6.70123) 6.34(26) T.67(30) 1.52(20) «411020) =1.65(25
Cab «1513¢ 2) - 14200 3) «6704( &) 6.93(22) 5.59(23) T.06(26) -.05418) 1.91{19 +38(21)
N4? «1301¢ 2} -.02241 2) 27620 3) 5.50(15) 5.371(18) 4.38(19) ~.091(12) «6T(13) -e99(18)
C4at «11171 2} ~o0118( 3) «16701 &) T.65124) 6.57126) T.11827) ~e94120) 2.800201} -e9T(24
€49 +08341 3) -«0703( &) «08971 &) Te93{26). 10.01(36) 7.38430) -1.52(24) 3.13822)  =-2.71(30}
€50 «0757( 3) ~.1452( 3) -1281¢ 51 5.901(22} 8.09(33) 9.81136) «09122) 1.41023) -4.,11(32)
Ccs1 «0940( 3) ~=15711 3) +23861 &) 5.98(22) 5.18(26) 12.05141) -07119)  ~1.40{24) -e56131}
€52 «11994{ 2} -« 0948{( 3) «30981 &) S.70t218 6.70(27) 8.07129)  .13(19) -1.10€19} 17025
XBL 691-74

Tole & Edlrer

éf;? ”Jﬁ?’/zﬂ“”“f’”‘ﬁ ' &he form of the anisotroplc thermal ellipsoid
h(&w{//WM 33
o (expressed in wnits of A ) is: exp(wO 25 % I

A; 3 . 3=1 3=1
. ijb b.h, h ), vhere b= ith reciprocal axis length

//7‘;,

« e
\(,-[, v (/LC A O

/{Av /fﬁr’«J

0.
0/b .

end hi = ith Miller index.

b C - -
=~The numberg in parenthesis here and in succeeding

tables are the estimated standard doviétions of

thg least significant nglt(u)
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P

‘Final Fractional Atomic Positioha] and'Isotropic ’

Thermal Parameters for All Hydrogen Atons in the
. Asymmetrlc Unit.,

-~ ATOM ox ¥y 3z B(R?)
HC1-1 W «1932(19) «0644{20) «4384127) 5.4(11)
HC1-2 %m,1921(23)_wv,.0354(22)ﬂ“ «3934(33) - 9.5(13)
H6 L e4466{(15) -.0286(1¢€) «1380(21) 3.841(68)
H 7 «5107(17) «0713(17) «0612125) 4.99(19)

"H 8 - . «5569(16) «1896(1¢€) «1573(22) 4.22(71)
H9 «5336(16) «2126(17) «3314(23) 4.17(74)
H16 «2172(15) ~«3157(1¢) «4956(22) 4.0C(71)
H17 «2052(17) —e39671(18)  43370(23) 4.91(75)
H18 +2502(15) —e3461(1€) «1843(22) 1 4.00(68)
H19 «3209(16) -.2256(16) .1971(22) . 4.3C(72)
H26 - «3110(14) .0135(15) 1 0058(19) 2.55(59)
H27 2605(18)  —-.0924(18) 1.0928(28) 6.51(89)
H28 - «2104(17) ~.2066(18) «9920(24) 5.19(8Q)
H29 «2112(15) -.2228(1¢) .8035(22) 3.87(68)

"~ H36 " «5302(15) «3060(15) a6496(21) 2.97(€5)

~H37 - «5534(20)- «3819(22) +8118(27) 7.8(10)
H38 «5014(18) «3326(19) «9602(25) . 6.18(91).

- H39 +4257(17) «2154(17) © +9468(24) . 515(79)__
H42 © «0905(19) . =-.0261(20) «6223(27) 7.0(10)
H43 «0763(24) -«0185(24) «8020(33) 10.,0(14)
H44 «1176(22) «0972(23) ,+8993(33) 9.5(13)
H45 «1667(21) «2036(23) «8082(39) - 8.9(12)
H46 «1759(20) «1839(21) «6336(28) 8.1(10)
H48 «1203(18) «0418(18) 21438(25) 5.83(86)

“H49 «0762(27) -.0581(21) «01211(38) 12.5(17)
H50 «N686(23) ~-«1907(25) 0713(33) 11.1(13)
H51 «0827(26) -.2016(26) «2727(35) - 10.8(1¢€)
H52 T el1311(22) -«0981(21) «3931(31) 8.8(12)

AN '. ¢ co. /} s pd ‘ ,,l“
[ ({C{/ l(f . ( L ‘I:’_)‘(V‘S f~ C‘(/ Al Lmr O Lppl ,C /#(.'/Lx PR :
T £
PITAY) {'. ,/}’\(_-' / SIglal Cotpnan e S e ol . i _
e ey a /



 , Table III. ; Observed and Calculaf.ed Structure Factor Amplltudes o
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Table IV.

_28-

Intramolecular Bond Distances (in 1) of MgPe ° HZO .

2 C.H.N, Standard deviations are 0.002 i for Mg-N,

55
0.003 & for Mg-0, 0,003-0,004 A for C-N in the Pc ring,

- 0.004~0.005 & for C=C in the Pc ring, 0.006 X for C-N in

" the pyridine rings, 0.007-0.010 i for C-C in the pyridine
'ring85 0.02—0.03 . for C-H in the Pc ring,‘0.0S—0.0L X

- for O-H in the H,0, and 0,03-0,05 & for C-H in the

2
pyridine rings.




Atomé

Mg-0(1) :

- Mg-N(3)

Mg-N(13)
Mg-N(23)
MgiN(33)
N(1)-C(2)
- N(1)=C(34)
C(2)-N(3)
¢(2)-c(10)
“ N(3)f0(4)
0(4)f0(5)
C(4)=-N(11)
c(5)-C(6)
¢(5)-c(10)
c(6)-C(7)
c(7)-c(8)
C(8)=C(9)

- €(9)-¢(10)
N(11)-C(12)
€(12)=N(13)
¢(12)~C(20)
¥(13)-C(14)
c(14)-c(15)
c(14)-N(21)

¢(15)-c(16) |

¢(15)-C(20)
©(16)~c(17)
¢(17)-c(18)
c(18)-c(19)
€(19)-c(20)
- N(21)=C(22)

Distance

2,022
2,039
2.043
2,038

2.039

1.339
14340
1,364
16459
1.371

1e454

1.330
1.388
1.400
1.376
1.397
1.378
1.388
1.333
1.368
14457
1.358
14452
14343
. 396
392
.384
400"
.371

A =3 b e s

o341

.396 :

_29_

Atomsv

»C(zz)mu(zs)

¢(22)-C(30)
N(23)-C(24)
C(24)-C(25)
C(24)-N(31)

©(25)-C(26)

c(25)-c{30)
c(26)~C(27)

- C(27)~C(28)

c(28)=C(29)
¢(29)-c(20)

- N(31)-C(32)
C(32)-N(33) -

c(32)-C(40)
N(33)-C(34)
C(34)-C(35)
c(35)-C(36)

- €(35)=C(40)

€(36)-C(37)
c(37)-c(38)
c(38)-C(39)
c(39)-c(40

N(41)-C(42)

‘N(41)-C(46)

C(42)-C(43)
C(43)-C(44)
C(44)-C(45)
C(45)=-C(46)

N(47)-C(48)

N(47)-C(52)
c(48)=C(49)

Distence

1.366
1451
1.370
1.453
1,335

e

1.392
15376
388
.382
«398
«326

P U G G N §

14457
{.362
10461
§.389
{.392
1.371
392
.379
.384
.32/
.316
.355

-3

£ 372
.37
«321
«323
»383

A A wmd b dmh wd ek af wed D

0379\‘ ‘

.348

Atoms

Distahde_

C(49)-C(50)
C(50)~C(51)
c(51)~C(52)
H(01)1-0(1)

~ H(01)2-0(1)
H(6)-C(6)

H(7)-C(7)
H(8)-C(8)
H(9)-C(9)
H(16)~C(16)
H(17)-C(17)
H(18)-C(18)
H(19)-C(19)
H(26)-C(26)
H(27)-C(27)

H(28)-C(28)

H(29)-C(29)
H(36)~C(36)
H(37)-C(37)

H(38)-C(38)

H(39)-C(39)
H(42)-C(42)

- H(43)-C(43)

H(44)-C(44)
H(45)-C(45)
H(46)-C(46)

H(48)-C(48)

H(49)-C(49)
H(50)-C(50)

H(51)-C(51)
H(52)-C(52)

1,366
1,340
1,372
0.73
0.93
1.00
0.%94
0.97
0.95
0.98
1.00
0.96
0.97
0.97
0.97
0.96
0.99
0.95
1.03
0.97
1.01
0.92
0.92
0.90
0,97
1.00 .
0.98 .
0.97
1,03
0.91
1.00



Table V,

- _30-

Intramolecular Bond Angles (in ®) of MgPe * H,0 .

2 C,H.N, Standard deviations are 0.1° for all

55
angles involving Mg, 0.2-0.3° for all angles in the

Pc ring, and 0.4-0.6° for all angles in the

pyridine rings.




~ Atoms

- 0(1)-Mg-N(3)
0(1)-Mg-N(13)
0(1)-Mg-N(23)
0(1)-Mg-N(33)
N(3)-Mg-N(13)
N(3)-Mg-N(23)
N(3)-Mg-N(33)
N(13)-Mg-N(23)
- N(13)~Mg-N(33)
N(23)-Mg-N(33)
©6(2)-N(1)~C(34)

N(1)-C(2)-C(3) .

© N(1)-6(2)~C(10)
N(3)-C(2)-C(10)

 MgN(3)-C(2)

- Mg-N(3)-C(4)

e(2)-N(3)-0(4)

N(3)~C(4)-C(5)
N(3)=C(4)-N(11)
c(5)-C(4)-(11)
©6(4)-C(5)~C(6)
" 6(4)-C(5)-c(10)

- 6(6)=C(5)-C(10)

C(5)=C(6)-C(7)

©c(e)-6(7)-0(8)
- e(7)-6(8)-C(9)

~ ©6(8)-6(9)-c(10)
. 6(2)=C(10)-C(5)
© 6(2)-c(10)-C(9)

- €(5)-C(10)~C(9)

c(A)-N(11)-c(12) )

106.5
101.2

1O1.5
107.0
“86:5

2864

{868

151.8
28628
123.3
127.5
122.9

109.6
125.6
124.9
108.4

. 109.3
127.6
123.1
' 132.6
- 106.6

120.8
118.0

121.2

121,2
117.8
106.0
133.1

120.9

123.9

31

N(11)=0(12)-N(13) = 127.2
" N(11)-C(12)~C(20) . 123.8
N(13)-C(12)~C(20)  109.0
Mg-N(13)-C(12) 124.9
Mg-N(13)-C(14) 125.1
C(12)-N(13)-C(14)  108.3
- N(13)=6(14)-C(15)  110.0
N(13)-C(14)-N(21)  127.4
C(15)-C(14)-N(21)  122.6
C(14)~C(15)=C(16)  132.8
C(14)-C(15)=C(20)  106.0
C(16)-C(15)-C(20) 121.2
- €(15)=C(16)=C(17) 117.4
- €(16)-C(17)-C(18)  120.8
- €(17)-C(18)-C(19)  122.1
C(18)-C(19)~C(20)  117.3
C(12)=C(20)-C(15). 106.7
- 6(12)-C(20)-C(19)  132.2
- 6(15)-C(20)-c(19)  f121.2
G(14)-N(21)=C(22) 1236
§(21)-0(22)-N(23) - 127.4
N(21)-C(22)-C(30) 122.9
N(23)-C(22)-C(30)  109.6
- Mg-N(23)~C(22) 125.3
- Mg=N(23)-C(24) = 126.2
C(22)-N(23)-C(24) 108.1
 N(23)-C(24)-C(25)  109.8
N(23)-C(24)-N(31)  127.1
C(25)-C(24)-N(31) 123.6
C(24)=0(25)-C(26)  132.1
1 6(24)-C(25)-6(30)  106.6



- Mg-N(33)-C(34)
- C(32)-N(33)-C(34)
 N(1)-C(34)-N(33)

C(26)~C(25)~C(30)
C(25)-C(26)-C(27)
€(26)-C(27)-C(28)
©(27)-C(28)-C(29)

€(28)-C(29)-C(30)
C(22)-C(30)-C(25)

- €(22)-c(30)-C(29)
€(25)-C(30)-C(29)
C(24)-N(31)-C(32)
N(31)-C(32)-N(33)
' N(31)=C(32)-C(40)

N(33)=C(32)=C(40)

Mg-N(33)-0(22)

N(1)~C(34)-C(35)
N(33)-C(34)-C(35)
© 6(34)-C(35)-C(36)

- C(24)-c(35)-C(40)

.—32—“. -

127.8
117.6

12944
121.7

117.0

106.4
132.6

121.0

124.0
127.8
123.0

108.3
127.5
123.1

109.4
133.1

106.6

" 409.2 -
12641

C(36)~C(35)-C(40)
c(35)-C(36)-C(37)
c(36)-C(37)~C(38)
¢(37)-C(38)~C(39)

¢(38)-C(89)-C(40)
C(32)-C(40)-C(35)
- €(32)-G(40)-C(239)

€(35)-C(40)-¢(29)

- C(42)-N(41)-C(46)

N(41)=C(42)-C(43)

- €(42)-C(43)=C(44)

C(43)-C(44)-C(45)

- €(44)-C{(45)-C(46)

N(41)=C(46)-C(45)
C(48)=-N(47)-C(52)
N(47)-C(48)=C(49)

- €(48)-C(49)-C(50)
€(49)-6(50)-C(51) "
c(50)-C(51)-C(52)
N(47)=C(52)-C(51)

120.3
118.2
121.0°
121.7
117.0
106.5
13147
121.8
116.4

124.1
118.9

118.9 .

118.1
123.7
116.0
123.8
118.3

118.7

119.4
123@8



Ihble VI.‘

: .-.33— -

Intermolecular Spaclng Less Than- 3 5 i for C"'C and :

- C**°N Approaches and Less Than 3.0 & for C"'H and °

- N°*°H Approaches. Standard deviations-are 0.02—0.04 i

for distances involving hydrogens and O, 004~0. 006 A

~ for those not involving hydrogen.



3

- ifésition of

Diétance.v

H{46)

‘Atom - Atom
M jacent Mbiecule 27 of 1 of 2 (X)
1-x,-x,1-22 0(7) ©(24) - 3.239
c(8)  C(22) 3.310 -
. 6(19) c(s6) 3,327 -
c(8)  N(23) 3.406 .
N(1)  N(11) 3T
c(6)  ¢(32) 3.426
N(11)- (%)  3.430
C(7)  N(23) - 3.466
N(1) - C(12)  3.466
c(6)  N(31) 13,470
PRI C(15) ©C(52)  3.433
- c(25) c(43) 3.451
c(14) ~ ¢(52) 3.456
R C(14) H(s2). 2.8
ES AT 6(27)  C(49) = 3.419
C(26)  H(6)  2.93
'fz,x,41+é.;_. 6(6) 5(26) 2.89
R N(11) H27) 2,98
bx,bz N(t)  H(50)  2.66
S c(9) H(51)  2.80
_— - c(s) H(O17) 2.84
bxbnte C40) E(29)  2.80
%‘K;'%"’Y_,%‘"Z_ N(21) H(l,5) .'2.61.
‘ .€(29)

2.8

" Bposition of the other molecule in the "dimer.®

_Donly the closest pyridine-MgPc distances are listed,

™



Table VII. Rotation Angles (in °) for Nonplanarity of MgPe.

Atoms

©{2) - ¢{10)

c(12) - ¢(20)
¢(22) ~ ¢(30)
C(32) - ¢(40)

n'an

X
1.2

6.8
T4

0.8

_"'207/
1.3

3.5

-2.3 .

'I "'1;0 62

~0.7
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Figure_Céptions - |
Figure 1. The molecular structure projected on the bc plane.
 Figure 2.  The central region of the MgPc molecﬁlé. The eguivalent

'Mg-N and N°°°N distances have been averagéd.:'
Figure 3. Averaged bond distances (in &) and bond angles (in °)
| | of Mch. Standard deviations of the bond distances
~ and angles are 0.006 A and 0.4°.
Figure 43 Deviations (x 100 in &) from the least squares plane
. of the four central nitrogen atoms.
Figure 5. Rotation éngles,which_describe-thé nonplanarify
in phthalocyanin, | |
Figure 6. Stereoscopic view of the contents of the unit cell
looking down the ¢ axis. A1l C, N, O, and Mg atoms as )
~well as the two hydrogens of the watéf molecule afe"v

- shown. The hydrogen bonds connecting the water

molecyle to the two pyridine molecules'are drawn in,

- Figure 7, = Normal projectioh of parallel phthalocyaniﬁs.in the
~ dimer. One molecule is drawn with solid lines, the

other with dashed lines.

1




- =37-

The molecular structure projected»on the_bg plgne. o

' Figure,i}




't Figufe 2.

o | 8- _ | S ‘
The central region of the MgPc molecule.  The equivalent

MgLN:gnd N°°°N diétances.haQe'been‘avéragéd.

XBL 691-15

L

¢



B :\i v ._. | | .. o
- Figure 3. Averaged bond dlstances (in.A) and bond angles (in _)

of Mch. Standard dev1ations of the bond distances o

‘and angles are 0,006 A and 0.4 .

XBL 691-17 -



o - e T s |
Figure 4. . Deviations (x100 in &) from the least squares plane

- of the four central nitrogen atoms.

XBL 691-16 .



,;ylf

Figure 5. Rotation angles which describe the nbnplaﬁériiy o

in phthalocyanin.

 XBL 695-461



Figure 6.

DR

Stereoscopic view of thezéonténts'of'the_unit celi .
looking down the ¢ axis. ALl G,N,0, and Mg atons as
| f.ﬁell as the two hydrqgens of'phg water molecule ére ST

- shown. The hyﬂfogen bonds connecting_th§ water .

molecule to the two pyridine molecules éfé}drawn in,.

g\%
3

Y . L G 4 SR |

@

XBL 691-162 -




S -h3- "
Figure 7. Normal projection of parallel. phthalocyanins in the

- dimer.‘ One molecule is drawn wlth solid lines, the v'-"

other with dashed 1ines.

XBL 694-368
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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