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The intramolecular distances from the six hydrogen
atoms of the methyl groups to the nearest hydrogen
atoms of the aromatic nucleus were calculated to vary
between 2-29 and 2:34 A, thus being only slightly
shorter than the mutual distances of neighbouring
aromatic hydrogen atoms, which were calculated to
vary between 2-48 and 2-:50 A.

It is concluded that the slightly distorted shape of
the molecule found by this crystal structure analysis
is consistent with our knowledge about the shortest
possible intramolecular distances between hydrogen
atoms.

fma))y ihe shortest interatomic distances between

one molecule and its neighbours have been computed.
Nine of the distances between carbon atoms of a mole-
cule and hydrogen atoms of neighbouring molecules
are shorter than 3 A, the shortest being 2:86 A. Each
molecule moreover has 37 intermolecular H-H distan-
ces representing 19 crystallographically independent
distances that are smaller than 3 A, the shortest being
2:49 A. The shortest intermolecular distances in
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anthracene (Cruickshank, 1956) and naphthalene
(Cruickshank, 1957) are for C-H 2-67 and 2-82 A and
for H-H 2-50 and 2-40 A, respectively. The intermole-
cular distances calculated in this investigation, there-
fore, agree well with those found in similar compounds.

The author wishes to express his thanks to Mrs. S.
Chu, Crystallography Laboratory, University of Pitts-
burg, for kindly supplying a number of computer
programs for the IBM 7070 computer and to Mr. W.
Boog for his help in preparing the figures.
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The Crystal Structure of the Metastable (B) Modification of p-Nitrophenol
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Department of X-ray Crystallography, Weizmann Institute of Science, Rehovoth, Israel
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The crystal structure of the # modification of p-nitrophenol has been refined from three-dimensional
counter data to an R value of 6:9 %. Bond lengths have been determined with an e.s.d. of better than

0-003

, and corrected for thermal motion, the analysis of which suggests that the molecule as a whole

does not behave as a rigid body. The packing arrangements of this modification and of the previously
determined « form are compared; an explanation for the thermodynamic relationship of the two forms
is given in terms of molecular close-packing. The photochemical behaviour of the two forms is
tentatively explained in terms of the geometry of the intermolecular C-H - - - O-N contacts.

introduction

p-Nitrophenol undergoes a photochemical reaction in
the solid state (Fritzsche, 1859) whose detailed chem-
ical mechanism is not known but which we assume to
involve in its initial stage the redox reaction

~NO,+ >CH 25 —NO+>C(OH) (1)

The reaction, which manifests itself in the irreversible
color change of the solid from yellow to red, is topo-
chemically controlled (Cohen & Schmidt, 1964) since
it is confined to the solid state and, more specifically,
to one of the two known crystalline modifications.
In order to analyze the geometric factors controlling
the intermolecular redox step we have undertaken in
parallel with our investigation of the o-nitrobenzalde-

hydes (Coppens & Schmidt, 1964) in which the redox
reaction (1) takes place intramolecularly, the structure
analysis of the photoactive (&) modification of p-nitro-
phenol (Coppens & Schmidt, 1965); its packing ar-
rangement was to be compared with that of the light-
stable () form published by Toussaint (1954). A first
comparison of the two structures showed a large differ-
ence in the OH - - - O distances: a: 2:82 A (at 90 °K),
B: 2:65 A, which on the basis of Toussaint’s estimate
of a mean error of 0:04 A would be significant. How-
ever, our measurements of the infrared spectrum of
powdered f-nitrophenol gave the OH stretching fre-
quency at about 3250 cm~!, very close to the corre-
sponding band in the « form. Since an OH---O
distance of 2-65 A would require this band to lie near
2750 cm-! (Nakamoto, Margoshes & Rundle, 1955)
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it seemed likely that the published coordinates of the
B form were not accurate enough for our purpose; it
was therefore decided to refine the structure.

Experimental

Needle-shaped crystals elongated along [001] were ob-
tained by slow evaporation of an aqueous solution.
Such crystals could be cut with a razor blade; a spe-
cimen with dimensions 0-3 x 0-4 x 0-4 mm was chosen
for data collection. Cell dimensions at 90 °K (determ-
ined from Weissenberg photographs and corrected for
film shrinkage), and at room temperature (measured
on the General Electric spectrogoniometer) are listed
in Table 1.

Table 1. Crystallographic constants of [-p-nitrophenol

At room temperature

Toussaint 1954 Our measurements  Near 90°K
a 154 A 15403 +0-003 A 1521 +0-02 A
b 11-2 11-117 £ 0-002 11-04 +0-02
c 3-8 3-785 +0-001 3-622+0-006
B 106°55’ 107°4" £ 27 106°49” + 10’
Dx(n=4) 1491 g.cm™3 1:570 g.cm=3
Space group P2/a P2i/a

Intensities of the accessible reflections (1373 in all)
and the background in their neighborhood were meas-
ured on a G.E. spectrogoniometer with Ni-filtered Cu K
radiation by means of the stationary-crystal, stationary-
counter technique (Furnas, 1957). All intensities were
counted for ten seconds; strong intensities were meas-
ured with an attenuator, inserted between the target
and the crystal in order to eliminate dead-time losses
in the SPG 1 proportional counter. The strongest re-
flection corresponded to 70,000 counts sec—!, back-
ground on the average to 3 counts sec~!. Up to 20=
120° the a; and a, reflections were counted together.
At this angle the total width of the doublet becomes
larger than the counter aperture; since the two com-
ponents were properly resolved for 26>120° it was
possible to measure «; separately in this range. The
total intensity of the doublet was subsequently ob-
tained by a 50%; scale up of the observed intensity.

The measured intensities were qualitatively com-
pared with Weissenberg-film data; four errors, due to
incorrect setting of the goniometer circles, were elim-
inated by remeasurement of these reflections. An ad-
ditional four reflections had to be excluded from the
final least-squares cycles because of abnormally high
discrepancies between F, and F,, which we attribute
to observational errors. .

Data reduction and refinement

Weights were based on the statistical counting error
in the 10 seconds’ count and on a proportional error,
represented respectively by the first and the second
term in the expression
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I+B+2

o(I-B)= 15

+cX(I- By

in which 7 and B are, respectively, the intensity and
the background in counts per sec; the two in the
numerator of the first term represents a round-off error
(introduced by the invisibility of the last decade of the
scaler). The constant ¢ was estimated to be 003 from
a comparison of the intensities of symmetry-related
reflections. Whenever 7 and B differed by less than one
standard deviation the reflection was considered un-
observed, and a threshold value F; derived from
o (I— B). (These unobserved reflections are included in
the refinement only when |F,|> kF;).

Refinement was carried out with a diagonal-matrix
least-squares program written by Dr. F. L. Hirshfeld
of this Department for WEIZAC. This program min-
imizes the function
Ew(k2F2— F2)2

Zwk4F4

with respect to the scale factor k and the positional
and thermal parameters of each atom in the asym-
metric unit. The scattering factors employed were
those given by Hoerni & Ibers (1954) for C, by Berg-
huis, Haanappel, Potters, Loopstra, MacGillavry &
Veenendaal (1955) for N and O, and by McWeeny
(1952) for H.

Toussaint’s coordinates (Toussaint, 1954) were used
as input for the first least-squares cycle, which included
only 4kO0 reflections; after a few cycles anisotropic tem-
perature factors were introduced, while hydrogen atoms
were added and refined isotropically. Higher levels
were gradually included as refinement proceeded. In
the course of the refinement the molecule rotated
around the line C(2)-C(5) (for numbering of the atoms
see Fig. 2). The changes in z coordinates ranged up to
0-19 A for O(2), while the x and y coordinates changed
relatively little.

When the structure had converged to r=2-969; the
list of calculated and observed structure factors was
examined for extinction. For the 88 strongest reflec-
tions In(Z¢/1,) was plotted against /.. A least-squares
line was fitted to all but the three strongest reflections
which were obviously quite far below the line. This is
not unexpected as the one-parameter function used
here is not valid for strong extinction [see Hamilton
(1957): for these three reflections eD> 1]. When I, was
put on the absolute scale established by the least-
squares refinement the slope of the line was found to
be 592 x 10~4. Subsequently F, of 83 reflections were
multiplied by exp (2:96 x 10—4/;); the three strongest
reflections were excluded from the refinement. For all
other reflections the correction amounts to less than
1% of Fo. We also investigated whether extinction in-
creased as the scattering angle approached 45° (Za-
chariasen, 1963): no angle dependency could be de-
tected, mainly because only the strong low-order re-
flections were appreciably affected by extinction.
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Table 2. Observed and calculated structure factors

Sign < indicates unobserved reflection; 7 reflections marked with asterisks were excluded from final least-squares cycles.
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Table 2 (cont.)
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Table 3. Coordinates as fractions of unit-cell edges
Heavy atoms*
After correction for

Least-squares output thermal motion

X y z a(x) a(y) o(2) x’ y z’
o(1) —0-0469 0-3229 0-3131 0-0001 0-0002 0-0005 —0-0478 0-3240 0-3143
0(2) —0-0117 0-1575 0-0983 0-0001 0-0001 0-0005 —0-0119 0-1556 0-0965
0(@3) 0-3389 0-4605 0-2571 0-0001 0-0001 0-0004 0-3398 0-4611 0-2575
N 0-0063 0-2609 0-2067 0-0001 0-0002 0-0004 0-0059 0-2605 0-2064
C(1) 0-0933 0-3109 0-2114 0-0001 0-0001 0-0004 0-0931 0-3107 0-2112
C(2) 0-1096 0-4314 0-3008 0-0001 0-0002 0-0004 0-1094 0-4318 0-3013
C(3) 0-1926 0-4792 0-3132 0-0001 0-0001 0-0005 0-1927 0-4799 0-3138
C4) 0-2590 0-4069 0-2393 0-0001 0-0002 0-0004 0-2594 0-4071 0-2395
C(5 0-2417 0-2863 0-1508 0-0001 0-0002 0-0005 0-2420 0-2859 0-1503
C(6) 0-1582 0-2378 0-1331 0-0001 0-0002 0-0005 0-1582 0-2372 0-1324

* For numbering of atoms see Figs.2 and 3. H(O) is the hydroxylic H atom; H(n) is the hydrogen atom bonded to C(n).
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Table 3 (cont.)

Hydrogen atoms*

Least-squares output Calculatedt
X y z a(x) a(y) a(2) x” »’ z”
H(O) 0-377 0-414 0-205 0-002 0-003 0-008 0-3836 0-4051 0-1959
H() 0-063 0-478 0:340 0-001 0-002 0-005 0-0556 0-4854 0-3461
H®A) 0-206 0-563 0-376 0-001 0-002 0-006 0-2073 0-5727 0-3825
H(5) 0-286 0-237 0-109 0-001 0-002 0-005 0-2933 0-2286 0-1017
H(6) 0-141 0-159 0-076 0-002 0-003 0-007 0-1384 0-1455 0-0671
* Calculated by extending C-H to 1-08 A and O-H to 1-00 A.
Table 4. Final temperature factors*
B B2 B33 Pz B2 B3

o(1) 0-00438 0-01324 0-1748 0-00026 —-0-0147 0-0278

0(2) 0-00640 0-01050 0-2061 —-0-00531 —0-0243 0-0330

0Q3) 0-00435 0-00843 0-1454 —0-00065 0-0044 0-0205

N 0-00420 0-00896 0-1022 —0-00070 —0-0001 0-0098

Cc) 0-00376 0-00761 0-0721 0-00064 0-0010 0-0122

CQ2) 0-00432 0-00737 0-0726 0-00214 —0-0024 0-0124

CQ3) 0-00497 0-00601 0-0846 0-00079 —0-0022 0-0103

C4) 0-00394 0-00723 0-0762 0-00064 0-0059 0-0151

C(5) 0-00435 0-00733 0-0859 0-00252 0-0015 0-0130

C(6) 0-00473 0-00612 0-0870 0-00078 —0-0027 0-0129

Average 0-00006 0-00012 0-0012 0-00015 0-0007 0-0004

s.d.

B

H(O) 64

H(2) 2:8

H(3) 27

H(5) 30

H(6) 50

* The temperature factors § and B are respectively the coefficient in the expressions exp [— (81142 + B22k2 + B33i2 + Br2hk +

Ba3kl+ B13hl)] and exp [— (B sin2 8/42)].

As a result of the refinement with the extinction-
corrected structure factors the difference map through

the molecular plane improved markedly; the final map
showing the hydrogen atoms is reproduced in Fig. 1(a)
while Fig. 1(b) shows the electron density perpendicu-
lar to the plane of the benzene ring. Refinement was
considered complete after the shifts had become ran-
dom and less than one fifth of the estimated standard
deviations. The agreement factors at that stage were
r=2-15% and R=2X|kF,|F||/ZkF,=6-9%. Observed
and calculated structure factors are listed in Table 2;
final positional and temperature parameters and their
standard deviations are found in Tables 3 and 4. The
packing diagrams projected on (001) and (010) given
in Fig. 2.

Discussion

Packing arrangement

Like the « modification the § structure contains in-
finite chains of glide-plane related molecules linked to
each other by hydrogen bonds. In accordance with the
infrared data the OH - - - O distances in the two forms
are now found to be essentially identical (2:84 A after
correction for thermal motion, as against 2:82 A in the
o form at 90 °K). The angle between the benzene-ring
planes in adjacent molecules, which was 74°2’ in the

o form, is now 28°0". The planes of parallel molecules
related by the c-axis translation being 3-43 A apart,
a large number of short contacts are found between
these molecules. The intermolecular distances listed in
Table 5 should be compared with the intermolecular
vectors in the thermodynamically stable « form (Table
6 of Coppens & Schmidt, 1965). The latter was ana-
lyzed at 90°K; comparison of its room- and low-
temperature cell dimensions indicates that intermole-
cular distances contract by ca. 2% on cooling to
liquid-nitrogen temperature. Allowing for this con-
traction we find that the shortest intermolecular con-
tacts are very similar in the two modifications. How-
ever, the total number of short distances is about 25%;
higher in the « form, even though the densities of the
two forms differ by only 1%: in the less dense § modi-
fication there are 19 heavy-atom contacts shorter than
3-60 A, and 25, involving hydrogen atoms, shorter than
3-0 A, a total of 44. In the corresponding ranges the
o modification has, after allowance for the 29 con-
traction, 25 and 32 such contacts, a total of 57. This
difference is also expressed in the coordination num-
bers of the two structures: in the « form every molecule
makes contact with thirteen neighboring molecules,
while the B form has a coordination number of only
ten if we exclude molecule V (Table 5) whose shortest
contact of 3-58 A involves two oxygen atoms. Table 5
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lists only nine of these ten molecules since the contacts
to the molecule at £t —x, 1+, 1 —z, are symmetry re-
lated and hence identical with the contacts to molecule
IXati—x, y—1 12z

The thermodynamic relationship of the two forms
thus becomes understandable: the structure with the
higher coordination and the larger number of inter-
molecular contacts is the stable one, as predicted by
Kitaigorodskii’s (1957) close-packing theory.

Molecular dimensions

The benzene ring is planar within the experimental
errors; the nitro group on the other hand, is displaced
from the plane of the ring (Table 7). Similar but smaller
deviations from planarity have been found in the «
form. The main effect of non-planarity is a reduction
in intermolecular distances and a corresponding in-

c() C(2) C(3)

’ O A
o, |
. U = !
\ E
\ o
~. A N
\

Fig. 1. (@) Difference map through molecular plane showing
hydrogen atoms. The molecular frame is based on the least-
squares coordinates. Contours every 0-1 e.A-3, zero cont-
our dotted, negative contours broken. (b) Difference map
through unfolded benzene ring, perpendicular to molecular
plane. Contours each 0-05 e.A-3, zero contour dotted,
negative contours broken. Local maxima are discernible in
the middle of the bonds.
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crease in the packing density: the distances O(2)--
O(1)(I) and O(1)~-N(II) between c-axis translation re-
lated molecules are shortened by about 025 and 0-15 A
to 3-40 and 3-31 A respectively.

Intramolecular distances before and after correction
for thermal motion (Cruickshank, 1961) are given in
Table 6 and Fig. 3. Comparison with the distances in

Table 5. Intermolecular distances (A)

Distances are given between the reference molecule of which
the atomic coordinates are listed in Table 3 and surrounding
molecules. Distances involving hydrogen atoms are based on
calculated hydrogen coordinates given in Table 3. Values given
are not corrected for thermal motion.

I x,py,z—1 (V) % 1—y,1-2

an x, y, z+1 (VII) % 1—y, 2

() x—4%,4—y,z (VIII) 3 —x, $+y, Z

av) x+4,4-y,z IX) 3-x,y—% 1~z

V) x+4, 43—y, 142 X t-xy-4,z

Distances between Distances involving
heavy atoms <36 hydrogen atoms <3:0 A

O(2)0UXD 3-40 O)H(OXIII) 1-89*

C(6)C(1)(T) 3-43 O(MH(S)(III) 2:42

C(HC(3)XI) 3-45 O(HHOYIII) 2:74

O(1)N(ID) 3-31 NH(O)(III) 2-63

o)C(Han 345 O(HHRXVD) 2-51

o()C(5AIII) 3-36 H2)H2)(VD) 2-36

0(3)0(2)av) 2-86* H(QH(Q2)(VII) 2-70

o(3)o(1)IV)  3-58 O(3)H(6)(VII) 2-47

0(3)02) (V) 3-58 C(OHBYIX) 297

onHCE2vyn  3-37 C(S)H(3)(IX) 293

O(HCBYVID) 3-52 H(6)H(3)(IX) 2-78

O(MHCE2)VID - 3-53 H()HGB)IX) 2-61

O3)C(6)(VIII) 3-42 H(6)H(O)(X) 2:84
HGHGYX) 2:52

* Hydrogen bond.

|—~a ! t

b

™. J0(2

* ( )C(G) K
----- .'} C(5) 0/5\ -
o(y | c4) .-
¢2) c(3) 03) -

_____ \q/o m/ R
b b
0o1A | (@) |

/——-a
- /0(2) C(5) ,
¢y o O 0B) 3= oy
0(M* Neq2)c(3),Cl4) . .
----- S W S
T v,
0 1A (b)

Fig. 2. Packing diagrams. (a) projection on (001),
(b) projection on (010).



660

THE METASTABLE (8) MODIFICATION OF p-NITROPHENOL

Table 6. Intramolecular distances and their standard deviations

Before correction

Bond for thermal motion s.d.

N G(1) 1-226 0-0025
N 0(2) 1-225 0-0025
N C(1) 1-446 0-0024
C(DHCQ) 1-386 0:002;
C(2)C(3) 1-373 0-0023
C(3)C(4) 1-:392 0-002;
C(4)C(5) 1-388 0-002;
C(5)C(6) 1-377 0-002,
C(6)C(1) 1-386 0-002;
0(3)C4) 1-352 0-002,

Corresponding distance
in a-p-nitrophenol at

After correction 90°K (not corrected

for thermal motion s.d.® for thermal motion)
1-243 0-005 1-232
1-241 0-005 1-236
1-450 0-003 1-442
1-394 0-003 1-388
1-378 0-003 1-377
1-399 0-003 1-387
1-396 0-003 1-393
1-382 0-003 1-380
1-393 0-003 1-383
1-:361 0-003 1-351

* Standard deviation in corrected bond length calculated assuming a 25 % inaccuracy in the correction.

a—p-nitrophenol, listed in the last column of Table 6,
shows that the bond lengths in the two molecules are
equal within the experimental errors. For the # modific-
ation the standard deviations are smaller and thus ad-
ditional features become apparent: the shortening of
the two C-C bonds parallel to the long molecular axis,
present but not significant in the « form, is highly
significant in the f structure. This shortening, also ob-
served in p-nitroaniline (Trueblood, Goldish & Dono-
hue, 1961), can be attributed to contributions of
quinonoid resonance structures. Resonance contribu-
tions are also likely to be responsible for the shorten-
ing of the two exocyclic bonds C-N and C-O from
the single bond values of 1-475 A and 143 A (Sutton,
1958) to the observed lengths 1-450 A and 1-361 A.
The relatively smaller contraction of the C-N bond is
probably due here as in p-nitroaniline to non-bonded
interactions between the oxygen atoms and the carbon
atom carrying the nitro group (Trueblood, Goldish &
Donohue, 1961). This interpretation is independently
confirmed by the correlation between the C-N bond

Table 7. Equations of planes

Benzene ring: 0-9659x —2:6902y + 3:4340z+0:0236=0
Nitro group: 2:0830x—3-7421y+3-2219z+0-2971 =0
Angle between the two planes: 7°9”

The benzene ring plane is derived according to Schomaker,
Waser, Marsh & Bergman (1959).

Out of plane displacements

Atom from benzene ring
o 0-185
o) —0-074
N 0-038
0@3) —-0-005
C(1) 0-003
C(2) 0-002
C(3) —0-004
C4) 0-001
C(5 0-005
C(6) —0-006
H(2) —0-03
H(@3) —0-00
H(5) 0-04
H(6) —0-00
H(O) —0-02
from NO,

C(1) 0-009

lengths and the O-N-O angles in several aromatic
nitro compounds (Coppens, 1962).

In both p-nitrophenol structures the nitro group is
strictly symmetrical, even though one of its two oxygen
atoms is hydrogen bonded. According to Table § the
N-O bond length remains uninfluenced by hydrogen
bonding as long as the O--- HX distance (X=0:
p-nitrophenol, X=N: p-nitroaniline) is 2:8 A or lar-
ger; at shorter distances, as in the intramolecular
O - - - O bond (2497 A) of dilituric acid (Bolton, 1963)
the nitro group becomes asymmetric: the N-O bond
pointing towards the proton donor is lengthened while
the other bond remains essentially unaffected.

A striking feature of the molecular structure is the
inequality of the two C-C-O angles. The same effect
has been observed in other compounds such as re-
sorcinol (Robertson, 1936; Bacon & Curry, 1956) and
phloroglucinol (Moe, 1963); it has been interpreted by
Hirshfeld (1964) as evidence for bent orbitals resulting
from the repulsion between the hydrogen atom and
the carbon carrying the hydroxyl group (Fig. 4).

Thermal motion

The large temperature factors of the oxygen atoms
indicate that the molecule as a whole is not a rigid
body. It seems likely, however, that the remainder of
the molecule is almost rigid, and on this assumption
the temperature factors have been analyzed. By assum-
ing C¢N rather than the benzene ring only to be a
rigid body one avoids the difficulties resulting from the
approximate hexagonal symmetry of the benzene ring
(Cox, Cruickshank & Smith, 1958). The rigid-body
analysis was carried out by a least-squares procedure

Table 8. N-O bond lengths in some aromatic nitro
compounds (A)
Reference

Dilituric acid 1-239* 1-276* Bolton, 1963

B-p-Nitrophenot 1-243 1-241

p-Nitroaniline 1-246 1-247 Trueblood, Goldish
& Donohue, 1961

o-Nitrobenzaldehyde 1-241 1-249 Coppens, 1964

* Bond lengths in the original article were not corrected for
thermal motion. We have assumed the correction to be the
same as in p-nitrophenol and p-nitroaniline (0-017 Ay



PHILIP COPPENS AND G. M. J. SCHMIDT 661

(a) (0

Fig. 3. Intramolecular bond lengths and angles. (@) before correction for thermal motion, (b) after correction, (¢) dimensions
involving hydrogens (uncorrected).

in which 42 thermal parameters were used to determine
six elements each of the tensors T and w, describing
respectively the translational vibrations and the libra-
tions of the rigid body, and the three coordinates of the
center of librations (Hirshfeld, Sandler & Schmidt,
1963). Results are given in Table 9; the observed and
calculated elements V;; of the atomic vibration tensors
in the molecular coordinate system are found in Table
10. The fit is satisfactory, but the estimate of ¢ (Vy;)
obtained from

l/ ( 2 [Viy(obs) -V, ij(CﬂlC)F)
n—s
(n=number of observations, s = number of parameters)

Fig. 4. The explanation of the inequality of the two C-C-O
angles as given by Hirshfeld (1964). Broken lines re-
present the axes of the orbitals: full lines are interatomic
vectors. Repulsion of the hydrogen and carbon atoms results
in bending of the orbitals in the C-O bond, as the angle
between the orbitals opens up less the than angle between
the interatomic vectors. The orbital at the carbon atom
bisects the C-C bonds.

equals 0-0026 A2, about twice the standard deviations
of the Vi(obs) as estimated from the structure-factor
refinement. This may indicate that the group CgN is
not quite rigid. Alternatively, the temperature factors
may be affected by bonding anisotropy, evidence for
which is provided by the local maxima at the mid-
points of the bond in the difference map (Fig. 1(5)). The
translational vibrations of the molecule are almost iso-
tropic; the direction of maximum vibration makes an
angle of 16° with the long @ axis. The main libration
has an r.m.s. amplitude of 5-5° and is around the
long axis of the molecule, the off-diagonal elements of
the o tensor not differing significantly from zero. The
extra motion of the oxygen atoms can be interpreted
as a torsional oscillation of the nitro group with an
r.m.s. amplitude of 11-2° and a wagging motion of the
hydroxylic oxygen out of the plane of the benzene ring
with an r.m.s. amplitude of 5-8°. These amplitudes are
calculated on the assumption that the rigid-body mo-
tion and the internal vibration are phase independent.
The torsional oscillation of the nitro group seems to
be characteristic of aromatic nitro compounds (True-
blood, Goldish & Donohue, 1961).

Structure dependence of the redox reaction

If the initial step of the photochemical reaction of
a-p-nitrophenol is of the redox type (equation 1) then
the difference in reactivity between the two modific-
ations must be sought in the type of CH - - - ON con-
tact between molecules. We note that the contact
distances are roughly equal in the two structures and
are nowhere abnormally short. However, the two mo-
difications differ significantly in the angles between the
C - - - O vectors and the planes of the benzene rings.
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Table 9. Rigid body motion of group CgN
Axis of inertia

Component along

a b c

Axis (as fractions of unit cell edges)
1 0:06047 0-03463 0-00799
2 —0-01973 0-08018 0-06836
3 0-02380 —0-02151 0-26765

Direction
nearly coincides with line C(4)-N
perpendicular to 1 in mean plane through CsN
perpendicular to mean plane

Coordinates of center of gravity: x=0-1515 y=0-3448 z=0-2222

T and o tensors referred to axes of inertia

462 26 -7
104T = 365 24
(A?) 400
91 —10 -6
104 = < 38 -4
(rad?) 38
Coordinates 0-19
of center of < 0-08
librations 0-01
(&)

1 7 9
>t< 129)
27
19 8 7
= (701
4
0-08
* 0-06)
(O-OS

Table 10. Observed and calculated values of tensor elements describing thermal motion of individual atoms (A)
Tensors refer to axes of inertia of the rigid body C¢N defined in Table 9.

104V, 104V 104¥33 104¥12 104V>3 104V3
N  obs. 450 578 668 11 34 —21
calc. 463 618 663 18 46 -6
C(1) obs. 439 456 471 39 17 -13
calc. 463 415 454 22 28 -8
C(2) obs. 532 382 513 69 0 —11
calc. 510 373 513 47 29 3
C(3) obs. 547 374 560 —-32 27 2
calc. 510 394 567 -12 21 -2
C(4) obs. 442 475 473 20 66 12
cale. 462 459 495 30 33 -6
C(5) obs. 525 392 558 86 42 22
calc. 524 396 556 70 34 8
C(6) obs. 521 371 578 —-16 25 1
calc. 526 373 573 3 18 1
O(1) obs. 499 . 675 1209 183 —34 —-52
calc. 501 742 812 145 71 28
O(2) obs. 506 680 1449 —103 —68 -2
calc. 513 754 983 —-114 22 -25
O(3) obs. 421 591 916 11 139 26
calc. 462 689 731 24 54 -7

]
1

Fig. 5. A perspective view of the packing of three molecules
in e-p-nitrophenol, to illustrate two types of C-H - -+ O-N
contacts. a: nearly linear contact common to the o and g
forms; b: near-perpendicular contact characteristic of the
a form only and regarded as responsible for the redox re-
action.

Fig. 6. A perspective view of the o-nitrobenzaldehyde molecule
showing the “reactive” configuration of the N-O .-+ C-H
group. (Only the hydrogen atom attached to the aldehyde
group is shown.)

In the lightstable (f) form this angle is maximally
18-5°, whereas in the light sensitive (x) modification
this angle is maximally 72-8°. In the former, a hydrogen
atom is therefore always interposed between a carbon
atom and its nearest oxygen of a nitro group (Fig. 5),
and may thereby prevent the attack by a photochemic-
ally excited oxygen atom. This interpretation suggests
that the steric course of the redox reaction resembles
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that of a bimolecular substitution reaction in which
the attacking group approaches the reactive center
from the side not occupied by another substituent.
This interpretation is further supported by the struc-
ture analysis of o-nitrobenzaldehyde (Fig. 6) (Coppens
& Schmidt, 1964; Coppens, 1964) in which the non-
planarity of the molecule provides a similar arrange-
ment of the reactive centers C-H and N-O.

We wish to thank Dr. F. L. Hirshfeld, who assisted
with the collection of the intensities and gave valuable
advice at various stages of the calculations.
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The Structure of a-Chlorohemin*

By DoNALD F. KOENIG

The Johns Hopkins University, Baltimore, Maryland, U.S. A.

(Received 4 August 1962 and in revised form 30 June 1964)

Chlorohemin, C34H3,N404FeCl, forms soft, lath-shaped crystals of the « modification, space group

Plor PI,Z=2,a=1149, 5=14-10, c=10-85

A, a=98-56°, B=108-49°, y=107-65°. Three-dimensjonal

Mo Ko data were collected with a spectrogoniometer. The iron and chlorine atoms, located through
Patterson syntheses and superposition functions, were used to initiate determination of the structure
largely through F,— F. syntheses. Full-matrix least-squares refinement and concurrent F,— Fe refine-
ment reduced the value of R to 0.095 for the 1566 observed reflections.

The iron atom of chlorohemin lies out of the plane of the four nitrogen atoms toward the chlorine
atom. While each of the pyrrole residues is planar, the porphyrin ring is slightly puckered. The two
vinyl residues per molecule were not located unambiguously; they are disordered in pairs, or non-

centrosymmetrically arranged, in the unit cell.

Introduction
Metallo-porphyrins are among the most ancient, uni-
versal, and extensively studied prosthetic groups of
proteins (Lemberg & Legge, 1949). Nonetheless, at-

* Taken from a Ph.D. thesis submitted to the Thomas C.
Jenkins Department of Biophysics, the Johns Hopkins Univer-
sity.

+ Present address: Department of Biology, Brookhaven Na-
tional Laboratory, Associated Universities, Inc., Upton, N.Y.,
U.S.A.

tempts to determine mechanisms of actions of hemo-
proteins have been frustrated by lack of knowledge
of configurational details of the porphyrins and bond-
ing states of the iron atom (Falk, Lemberg & Morton,
1961). It was accordingly decided to undertake the
determination of several iron porphyrin structures in
this laboratory. Chlorohemin was chosen as the first
of these because of the extensive chemical studies upon
it and because of its biological importance as an iron
protoporphyrin IX compound.



