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~-20 scans 
Absorption correction: 

scans (North, Phillips 
& Mathews, 1968) 
Train = 0.671, Tma~ = 0.914 

4325 measured reflections 
3930 independent reflections 

Refinement 

Refinement on F 2 
R(F) = 0.043 
wR(F 2) = 0.119 
S = 1.78 
3930 reflections 
249 parameters 
H atoms: H on N1 refined, 

others fixed 
2 w =  I/[o- ( / ` , )  

2 ~ + 0.00031(/,, )-] 

Rint = 0.065 
0m~x = 77.52 ° 
h = 0 ---~ 11 
k = 0 ---, 22 
l = -15  ---, 15 
3 standard reflections 

every 200 reflections 
intensity decay: 0.08% 

(A/cr)m~ = 0.003 
Apmax = 0.25 e ,~-3 
Apmin = -0.24 e ~-3 
Extinction correction: 

Zachariasen (1967) 
Extinction coefficient: 

0.53 (6) × 10 -5 
Scattering factors from 

International Tables for 
Crystallography (Vol. C) 

Table 1. Hydrogen-bonding geometry (,4, °) 

D--H. . .A D I H  H. . .A D. . .A D--H. . .A 
NI--H1.. .02'  0.90(2) 2.03(2) 2.910(2) 166(2) 

Symmetry code: (i) ~ + x, & - y ,  ½ + z. 

Data collection: MSC/AFC Diffractometer Control Software 
(Molecular Structure Corporation, 1992). Cell refinement: 
MSC/AFC Diffractometer Control Software. Data reduction: 
TEXSAN (Molecular Structure Corporation, 1995). Program(s) 
used to solve structure: SIR92 (Altomare, Cascarano, Giacov- 
azzo & Guagliardi, 1993). Program(s) used to refine structure: 
TEXSAN. Software used to prepare material for publication: 
TEXSAN. 

We thank the Natural Sciences and Engineering 
Research Council of Canada for financial support. 

Supplementary data for this paper are available from the IUCr 
electronic archives (Reference: FG1286). Services for accessing these 
data are described at the back of the journal. 
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Abstract  

The title compound, C~5H~002, crystallized in the cen- 
trosymmetric space group C2/c. Hydrogen bonding is of 
the cyclic dimer type about a center of symmetry. The 
carboxyl H and O atoms are ordered. The phenanthrene 
core is almost planar and the dihedral angle between 
the core plane and the carboxyl group plane is only 
1.8 (1) °. The bay H atoms, H4 and H5, lie close to the 
core plane and 2.02 (2)A, from each other; the refine- 
ment places them on opposite sides of the core plane, 
but this result has little statistical significance. 

Comment  

This is one of a series of reports on hydrogen bond- 
ing in polyaromatic carboxylic acids. Among earlier 
reports are those on anthracene-9-carboxylic acid and 
anthracene-l-carboxylic acid (Fitzgerald & Gerkin, 
1997a,b). Phenanthrene-9-carboxylic acid, (I), crystal- 
lized in the centrosymmetric space group C2/c. The 
hydrogen bonding is of the cyclic dimer type about a 
center of symmetry. A diagram of the dimer showing our 
numbering scheme appears in Fig. 1. Geometric details 
of the hydrogen bond are given in Table 2. Those data 
and data from Table 1 make clear that both the carboxyl 
H atom and the carboxyl O atoms are ordered. 
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/ 
COOH 

(I) 

With respect to pseudo-mirror symmetry, the phenan- 
threne core in this acid shows an r.m.s, deviation of 
0.014 .~, within the seven pairs of distances which would 
be identical under mirror symmetry, the e.s.d.'s of the 
individual distances being 0.002-0.003 A. For the five 
pairs of distances unique to the outer rings of the core, 
the corresponding r.m.s, deviation is 0.005 A. Thus it 
appears that the presence of the carboxyl group on 
the central ring interferes substantially with the pseudo- 
symmetry of the core. Interestingly, however, in phenan- 
threne itself, as reported by Kay, Okaya & Cox (1971), 
pseudo-symmetry is not much better satisfied, the r.m.s. 
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Fig. 1. ORTEPII (Johnson, 1976) drawing of the phenanthrene- 
9-carboxylic acid hydrogen-bonded cyclic dimers showing our 
numbering scheme. Displacement ellipsoids are drawn for 50% 
probability for all atoms except H for which they have been set 
artificially small. The center of symmetry is shown as a filled sphere 
and the hydrogen bonds as dashed lines. 

deviation of the seven corresponding pairs of distances 
being 0.012,~,, while the individual e.s.d.'s are 0.005- 
0.008 A. 

In the title acid, the phenanthrene core is almost 
planar. The average deviation of the core atoms from 

t h e  best-fit plane through them is 0.012 ,~,, while the 
maximum deviation is 0.031 ,~ and the e.s.d.'s of the 
individual values are near 0.002,~,. For phenanthrene 
itself, Kay, Okaya & Cox (1971) gave the dihedral 
angles between the outer and central ring best-fit planes 
as 1.2 and 1.2 ° , and between the two outer ring best- 
fit planes as 2.4 ° . The corresponding values for the 
title acid are 1.37 (7), 0.38 (7) and 1.59 (7) °. Thus the 
carboxyl group has not affected the degree of planarity. 
Moreover, the dihedral angle between the best-fit core 
plane and the carboxyl group plane in the title acid is 
only 1.8 (1)~,, making the entire set of non-H atoms 
very nearly planar. 

An additional point of interest in this phenanthrene 
derivative is the disposition of the bay H atoms, H4 
and H5. The refined distances C4---H4 and C5- -H5 are 

0.99 (2) and 1.00 (2),~, while the C3---C4---H4, C 12--  
C4. H4, C6---C5--H5 and C13---C5--H5 angles are 
119(1), 119(1), 117(1)and  120(1) °, respectively. The 
refinement places these H atoms on opposite sides of 
the best-fit core plane at distances of 0.01~ and 0.017/k 
from it; their location on opposite sides of the plane thus 
has little statistical significance. They lie at a distance 
2.02 (2),~ from each other, 0.38 A less than the Bondi 
(1964) radius sum; nonetheless, as evidenced by the data 
given above, their geometry with respect to the core is at 
most slightly affected. For comparison, in phenanthrene 
itself, Kay, Okaya & Cox (1971) determined the H-atom 
parameters by neutron diffraction and found distances 
for C4---H4 and C5- -H5 of 1.06 (2) and 1.09 (2),~, 
and angles C3--C4----H4, C12pC4-- -H4,  C6---C5--H5 
and C 1 3 - - C 5 - - H 5  of 119.0(10), 120.5(9), 116.8(9) 
and 123.5 (9) °, respectively, and a H4---H5 distance 
2.04 (2),~. Thus, given the expected difference in the 
C - - H  distances determined by the two methods, the 
two sets of results are highly concordant. 

In the title acid, all other intramolecular distances and 
angles fall within normal ranges. The closest intermolec- 
ular approach, excluding pairs of atoms within hydro- 
gen-bonded carboxyl groups, is between 0 2  and H2 ii 

1 1 [symmetry code: (ii) i +x, - i  +y,  z] and falls short 
of the Bondi (1964) van der Waals radius sum by only 
0.06 ,~,. 

Experimental 

Phenanthrene-9-carboxylic acid was produced in ,-~75% yield 
from phenanthrene-9-carboxaldehyde (Aldrich Chemical Com- 
pany) by oxidation with Ag20. The general procedure was that 
of Burtner & Cusic (1943) for converting anthracene-9-carbox- 
aldehyde to anthracene-9-carboxylic acid. Slow crystallization 
of the title acid from ethanol at room temperature produced 
multifaceted columns, one of which was cut to provide the 
experimental sample. 

Crystal data 

CtsHl002 Mo Kc~ radiation 
Mr = 222.24 A = 0.71073 ,~, 
Monoclinic Cell parameters from 25 
C2/c reflections 
a = 19.824 (2) A 0 = 14.4-14.8 ° 
b = 5.373 (2) .A, /1 = 0.086 mm- 
c = 21.638 (1) ,~ T = 296 K 

= 113.308 (6)_03/~' Cut column 
V 2116.7(7) 0.42 × 0.38 x 0.19mm 
Z = 8 Pale yellow 
D~ = 1.395 Mg m -s 
Dm not measured 

Data collection 
Rigaku AFC-5S diffractom- 0max = 27.5 ° 

eter h = 0 --~ 25 
~v scans k -- 0 ~ 6 
Absorption correction: none l = -28 --, 25 



L A W R E N C E  J. F I T Z G E R A L D  A N D  R O G E R  E. G E R K I N  1267 

2766 measured reflections 
2684 independent reflections 
1680 reflections with 

I > a(/) 
Rint = 0.015 

6 standard reflections 
every 150 reflections 
intensity variation: -t-3.0% 

(average maximum 
relative intensity) 

Refinement 

Refinement on F 
R = 0.044 
wR = 0.048 
S =  1.64 
1680 reflections 
167 parameters 
H atoms treated by a 

mixture of independent 
and constrained refinement 

-2 w--  O'F 
(A/O')max = ( 0.01 

Apmax = 0.18 e A, -3 
Apmin = -0 .18  e ~ - 3  
Extinction correction: 

Zachariasen (1963, 1968) 
Extinction coefficient: 

5.8 (8) × 10 -7 
Scattering factors from 

Stewart, Davidson & 
Simpson (1965) and 
Cromer & Waber (1974) 

Table 1. Se lec ted  geometr ic  parame te r s  (,4, o) 

01---c15 1.322(2) c9--c 15 1.491 (2) 
o2--c 15 1.219 (2) 
ci0---c9---ci5 117.3 (2) c9--c 15---02 125.3 (2) 
c 14----c9----c 15 122.8(1) C15--OI--H 109(1) 
C9--c15--Ol 113.8(I) O I ------C 15----432 120.9(1) 

Table 2. Hydrogen-bond ing  geome t ry  (,4, o) 

D--H. • .A D--H H. • .A D. • .A D--H. • .A 
OI--H. • -OT 1.02 (2) 1.66 (3) 2.675 (2) 173 (2) 
Symmetry code: (i) 1 - x, -y,  1 - z. 

Scan widths were (1.40 + 0.35tan0) ° in ~, with a back- 
ground/scan time-ratio of 0.5. The data were corrected for 
Lorentz and polarization effects. The Laue group assign- 
ment, systematic absences and intensity statistics consistent 
with centrosymmetry indicated space group C2/c (No. 15); 
since refinement proceeded well it was adopted. Fourier 
difference methods were used to locate the H-atom po- 
sitions. In later stages of refinement, ring H atoms H1-  
H3, H6-H8 and H10 were made canonical with a C - -  
H distance of 0.98 ,~, and Uiso = 1.2Ucq of the associated 
C atom. Atoms H4, H5 and H were refined isotropically. 
The maximum effect of extinction was 10.0% of Fo for 
114. The maximum positive residual peak was located near 
the midpoint of the C13---C14 bond; the maximum negative 
peak was located near the center of the central ring. 

Data collection: MSC/AFC Diffractometer Control Soft- 
ware (Molecular Structure Corporation, 1991). Cell refine- 
ment: MSC/AFC Diffractometer Control Software. Data re- 
duction: TEXSAN (Molecular Structure Corporation, 1989). 
Program(s) used to solve structure: SHELXS86 (Sheldrick, 
1985). Program(s) used to refine structure: TEXSAN. Molec- 
ular graphics: ORTEPII (Johnson, 1976). Software used to 
prepare material for publication: TEXSAN. 

Support  p rov ided  to LJF by PPG Industr ies  is grate- 
fully a c k n o w l e d g e d .  We thank Dr J. C. Gal lucci  for help  
o f  various sorts. The  d i f f rac tometer  was purchased  wi th  
funds p rov ided  in part by an NIH grant. 

Supplementary data for this paper are available from the IUCr 
electronic archives (Reference: FRI046). Services for accessing these 
data are described at the back of the journal. 

References 
Bondi, A. (1964). J. Phys. Chem. 68, 44 !-451. 
Burtner, R. R. & Cusic, J. W. (1943). J. Am. Chem. Soc. 65, 262-267. 
Cromer, D. T. & Waber, J. T. (1974). International Tables for X- 

ray Crystallography, Vol. IV, Table 2.2A, pp. 72-98. Birmingham: 
Kynoch Press. (Present distributor Kluwer Academic Publishers, 
Dordrecht.) 

Fitzgerald, L. J. & Gerkin, R. E. (1997a). Acta Cryst. C53, 71-73. 
Fitzgerald, L. J. & Gerkin, R. E. (1997b). Acta Crysr C53, 1080-1082. 
Johnson, C. K. (1976). ORTEPII. Report ORNL-5138. Oak Ridge 

National Laboratory, Tennessee, USA. 
Kay, M. I., Okaya, Y. & Cox, D. E. (1971). Acta Crysr B27, 26-33. 
Molecular Structure Corporation (1989). TEXSAN. TEXRAY Structure 

Analysis Package. MSC, 3200 Research Forest Drive, The Wood- 
lands, TX 77381, USA. 

Molecular Structure Corporation (1991). MSC/AFC Diffractometer 
Control Software. MSC, 3200 Research Forest Drive, The Wood- 
lands, TX 77381, USA. 

Sheidrick, G. M. (1985). SHELXS86. Program for the Solution of 
Crystal Structures. University of G~ttingen, Germany. 

Stewart, R. F., Davidson, E. R. & Simpson, W. T. (1965). J. Chem. 
Phys. 42, 3175-3187. 

Zachariasen, W. H. (1963). Acta Co,sr 16, 1139-1144. 
Zachariasen, W. H. (1968). Acta Crysr A24, 212-216. 

Acta  Cryst. (1997).  C53,  1267 -1270  

Benzophenone-3,3',4,4'-tetracarboxylic Acid 
Dihydrate~ 

LAWRENCE J. FITZGERALD AND ROGER E. GERKIN 

Department o f  Chemistry, The Ohio State University, 
Columbus, Ohio 43210, USA. E-mail: gerkin@chemistry. 
ohio-state, edu 

(Received 10 February 1997; accepted 22 April 1997) 

Abstract  

The  title c o m p o u n d ,  C17H1009.2H20,  crystal l izes  in 
the cen t rosymmet r i c  space group P21/a but does  not  
exhibi t  s t rong e i g h t - m e m b e r e d  cycl ic  d i m e r  h y d r o g e n  
bonds  about  centers  o f  s y m m e t r y  or o therwise .  A 
r ichly th ree -d imens iona l  h y d r o g e n - b o n d i n g  ne twork  is 
observed ,  however ,  wh ich  arises f rom 19 h y d r o g e n  
bonds  per  a symmet r i c  unit; it inc ludes  a 14 -membered  
cycl ic  d i m e r  about  a center  o f  s y m m e t r y  and hydrogen-  
bond ing  r ings o f  18 and 30 m e m b e r s  invo lv ing  the acid 
m o l e c u l e  and a water  molecu le ,  both  also about  centers  
o f  symmetry .  The  carboxyl  H and O a toms  are o rde red  
in each o f  the carboxyl  groups.  The  conf igura t ion  o f  the 
b e n z o p h e n o n e  core  is qui te  s imilar  to that in benzo-  
p h e n o n e  i tself  and the conf igura t ion o f  the adjacent  

t Alternative name: 4-(3,4-dicarboxybenzoyl)phthalic acid dihydrate. 
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