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The Crystal Structure of Thymine Monohydrate* 
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Crystals of thymine monohydrate are monoclinic with space group P21/c; the unit cell dimensions 
are: 

a=6.077,  b=27.862, c=3.816 A; f l=94 ° 19'. 

The crystal structure was refined on the basis of three-dimensional intensity data  obtained with 
copper radiation. The structural parameters for the heavy atoms, including anisotropic temperature 
factors, were refined by the least-squares method; the positions of the hydrogen atoms were located 
from a three-dimensional difference synthesis. The final R factor was 0.078 for 1068 observed 
reflections and the standard deviations in the positional parameters for the heavy atoms are about 
0-0023 A. 

A surprising feature is the amount of the water of crystallization, which is about 83% of the 
theoretical value. An arrangement of the water molecules is proposed which accounts for the 
observed X-ray data. 

Introduction 

The pyrimidine thymine  is a fundamenta l  component  
of nucleic acids; a detailed and accurate  determina-  
t ion of its s t ructure  was therefore under taken  as a 
pa r t  of a p rogram of research on the  s t ructure  and 
configuration of polynucleotide chains now in progress 
a t  this Ins t i tu te .  

According to Furberg  & Hordv ik  (1956), crystals  
of thymine  grown from alcohol are needle-shaped, 
elongated along b, whereas parallelepipeds with all 
faces well developed are obtained from water.  Both  
types  are described as monoclinic with the same cell 
dimensions (see Table 1). 

In  our experience most  of the crystals  of thymine  
grown from alcohol or concentrated aqueous solutions 
were slightly elongated, well-shaped plates, with a 
pronounced tendency to form twins or clusters. Some 
single crystals  suitable for pre l iminary X - r a y  in- 
vest igat ion were found and their  cell measurements  
confirmed the values published by  Furberg.  However,  
it was noticed t ha t  a second type  of large single 
crystal  with well-developed faces separa ted  from dilute 
aqueous solutions allowed to s tand  a t  room tempera-  
ture  for m a n y  days.:~ 

A pre l iminary rota t ion photograph,  of a crystal  of 
the  second type  showed a uni t  t rans la t ion  of 3.8 A 
along the  principal morphological axis, a value very  
different from tha t  found for the first type  of crystal.  
The new crystals were fur ther  examined and identified 
as an hyd ra t ed  compound of thymine.  
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tories of Chemistry. This work was supported, in part, by a 
Grant (CVRE No. 121) from The National Foundation. 

tPresent address: Cyanamid European Research Institute, 
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:~ The two types of crystal habit could be seen in the same 
mother liquor. 

Exper imenta l  

(i) Unit cell and space group 

Single crystals  of thymine  monohydra te  were grown 
by  slow evaporat ion a t  room tempera tu re  of dilute 
aqueous solutions. They were parallelepipeds elon- 
gated  in the  c direction; the  well defined forms were 
{010} and {120}. The crystals  rapidly  lost their  t rans-  
parency  on storage a t  room tempera tu re ;  this was 
followed by  spontaneous cleavage parallel  to (010). 
The explanat ion might  be found in a par t ia l  or to ta l  
loss of water  of crystallization. 

For  X - r a y  examinat ion  crystals  were mounted  on 
glass fibers with shellac and then placed in thin-wMled 
glass capillaries with a drop of mother  liquor. The 
capillaries were sealed, and  under  these conditions 
crystals  were kept  for m a n y  weeks wi thout  noticeable 
change. One single crystal  having roughly uniform 
cross section about  0.35 ram. in d iameter  was mounted  
with the  c axis parallel  to the  Weissenberg rota t ion 
axis. A f ragment  obtained by  cleavage of a larger 
crystal  was used for recording Weissenberg photo- 
graphs about  the  b axis. 

The sys temat ic  extinctions observed on Weissen- 
berg photographs  established uniquely the space group 
to be P21/c. The lat t ice constants  a, c, fl, and b were 
f i t ted by  the  least-squares method  to the spacings of 
the Cu K s  components recorded for 20 hO1 reflections 
and for 22 h/c0 reflections. The spacings were mea- 
sured on zero-layer Weissenberg photographs  and the 
films were cal ibrated by  superimposing a powder 
pa t t e rn  of NaC1 on either edge. The resulting unit-cell 
dimensions are given in Table 1. 

The densi ty  observed by  f lotat ion in benzene-  
carbon tetrachloride mixtures  a t  25 °C. is 1.454 _+ 0.002 
g.cm. -a. The number  of molecules per uni t  cell cal- 
culated was found to be 3.93; assuming the  correct 

A C 14 ~ 22 



334 T H E  CRYSTAL S T R U C T U R E  OF T H Y M I N E  M O N O I I Y D R A T E  

Table 1. Unit cell dimensions 
T h y m i n e  m o n o h y d r a t e *  

(Cu Ka):  1.54178 A 

a = 6.077 _+ 0"003 A 
b = 27-862 _+ 0.007 
c ---- 3-816 _+ 0.002 
;~ = 94 ° ~9"_+ 3.1'  

T h y m i n e  
( F u r b e r g  & H o r d v i k ,  1956) 

a : 12.87 A 
b = 6-83 
c = 6.72 
;~ = 105 ° 

* T h e  r e p o r t e d  c o n f i d e n c e  l imi t s  a re  tw ice  t h e  s t a n d a r d  
d e v i a t i o n  for  e ach  m e a s u r e m e n t .  

number to be 4, the apparent molecular weight of 
thymine monohydrate is 141-1 compared to a formula 
weight of 144.1. This discrepancy is presumably 
greater than the experimental error and indicates that  
the actual contribution of the water to the space 
lattice is about 839/0 of the theoretical value; in other 
words, approximately one out of every six water 
molecules is missing. This assumption was later con- 
firmed by the results of the structure determination. 

(ii) Collection of intensity data 
The intensity data were obtained from equi-inclina- 

tion Weissenberg photographs taken with nickel- 
filtered Cu Ks  radiation. The multiple-film technique 
was used and the intensities were estimated visually 
by comparison against a calibrated scale prepared 
from the same crystal. Empirical film factors were 
obtained for each set of films. The intensities were 
corrected for Lorentz and polarization factors to obtain 
relative values of F2(hkl). 

The structure analysis was carried out on the basis 
of the intensities measured for the layer-lines zero 
through three about the c axis. 1270 Reflections were 
covered, of which 1068 were strong enough to be 
observed. The values for the observed intensities 
ranged from about 2 to 60,000, the highest value 
(the 121 reflection) being far above the next smaller 
one. The correlation factors to bring all exposures of 
the various layer lines to the same intensity scale 
were determined by means of Weissenberg photo- 
graphs from a crystal rotated about b. 

D e t e r m i n a t i o n  of  t h e  a t o m i c  p o s i t i o n s  

(i) Two-dimensional refinement 
For all further calculations the atoms were labelled 

as follows: 
2 3 

O C J N - - C ) C - - C  W a t e r  
~--~\N--C. 4 5 0 

1 '\0 3 
1 

The shortness of the c axis made it almost certain 
that  the (001) projection would be completely resolved 
and that  the thymine molecule would not be tilted 
more than about 35 ° from the (001) plane. Accord- 
ingly, the hk0 reflections were placed on an absolute 
scale by Wilson's method and were then used to pre- 

pare a Patterson projection down the c axis. The peak 
at the origin was removed and the function sharpened; 
in addition the coefficients were modified by the func- 
tion 

(2 sin 0/2) ~ exp [ -  (4.4 sin 0/2) 2] 

(Waser & Schomaker, 1953; Shoemaker, Donohue, 
Schomaker & Corey, 1950). The unobserved reflec- 
tions were given half the threshold intensity in these 
calculations. The resulting Patterson projection is 
shown in Fig. 1. 

1 ,, 
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0 , _  ~ " ~  
Fig. 1. Sharpened Patterson projection P(u, v, 0). The contours 

are  a t  equa l  b u t  a r b i t r a r y  in t e rva l s .  T h e  zero  c o n t o u r  is 
d a s h e d ;  t h e  n e g a t i v e  c o n t o u r s  a re  n o t  shown.  T h e  or ig in  
p e a k  has  b e e n  r e m o v e d .  

As a first approximation in interpreting the Patter- 
son projection it was assumed that all bonds were 
about 1.35 J~ in length and all bond angles were 120 °. 
The hexagonal pattern of the peaks near the origin 
(Fig. 1) indicated that the thymine nucleus is oriented 
with one pair of covalent bonds parallel to b. There 
are then three different general orientations: 

\ \ 
/---\_ /--\ 
\ /- X____/ 

\ \ / \ 
I II I II  

These orientations give three different sets of intra- 
molecular interactions. Orientation III  was eliminated 
by considering the relative heights of the Patterson 
peaks, but it was not possible to distinguish between 
I and II  on this basis. 

With the orientation of the nucleus fixed, an attempt 
was then made to locate the positions of the molecules 
relative to the origin (taken at a center of symmetry). 
On consideration that  two molecules connected by 
hydrogen bonds across a center of symmetry should 
be separated by a distance of about 5/~:  peak A was 
regarded as providing a reasonable internuclear dis- 
tance across  t h e  origin.  P e a k  B a t  a d i s t a n c e  d 9 
from the origin was thought to reflect the intermolec- 
ular distance of two molecules related by a glide plane. 
Such a packing, studied with the aid of molecular 
models (Corey & Pauling, 1953), provides a satis- 
factory filling of the unit cell, provided the water 
molecules are assumed to occupy holes occurring 
between atoms 01, C5, and the glide plane. 

Further information about the orientation of the 
molecule and the location of the water molecule was 
arrived at in the following manner: the unitary struc- 
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ture factors for six (0/c0), two (h00), and  three (Mc0) 
planes were derived from the measured intensities. 
On the assumpt ion tha t  the intermolecular  parameters  
obtained from the Pat terson projection were correct, 
the un i t a ry  structure factors for 9 atoms in the pos- 
tu la ted  orientat ion I, I I  (and their  mirror images in y) 
were calculated by  means  of structure-factor graphs. 
The object ionable discrepancies arising between the 
calculated and  observed values were assumed to be 
due to the missing water molecule. For each of the 
ment ioned reflections, those areas covered by  the 
projected water positions which resulted in a minimi-  
zat ion of the quan t i ty  1Uo(h]cO) - Uc(hkO)], were plotted 
on a single map. The common area outl ined by the 
overlap of the various corrective areas was thought  
to indicate the most probable position of H9.0. I t  must  
be noted tha t  for orientat ion I I  (and its mirror- 
image) and for the mirror-image of I no consistent 
results could be obtained. However, the orientat ion I 
yielded a small  common area, the boundaries of which 
restricted roughly the projection of H20 onto (001) 
to x--0-85 and y=0 .21 .  On the fur ther  assumption 
tha t  the f lat  molecule lay  str ict ly parallel  to (001), 
this tr ial  s tructure was used in a structure-factor 
calculation. Wi th  an over-all thermal  parameter  
B =  3.4 A~, as previously determined by the Wilson 's  
method,  the result ing re l iabi l i ty  factor was 46%. 

t s 

(a) (b) (c) 

Fig. 2. A portion of the (001) difference map around O a at 
three stages of refinement. In the calculations, the contribu- 
tion of the water was taken to be: (a) 100%; (b) 87.5%; 
(c) 83% of the theoretical value. Contours are at intervals 
of ¼ e.A-a; the zero and negative contours are dashed. 

A first Fourier  projection was calculated from 44 
low order F(h]c0)'s for which the above tr ial  s tructure 
yielded reasonable values;  a l though at this stage all 
a toms were not expected to be well resolved, the 
location of the water molecule was obviously con- 
firmed. After  five cycles of least-squares ref inement  
(with all reflections weighted equally) the rel iabi l i ty  
factor dropped to 22%. A difference-synthesis com- 
puted  at  this  stage showed tha t  the tempera ture  
parameter  had  been overestimated.  Accordingly, B was 
reduced to 2.04 /~2; the R factor in the next  least- 
squares cycle was 18%. A fur ther  least-squares cycle 
yielded no significant improvement .  An hlc0 difference 
synthesis  calculated at  this stage showed a large 
negative peak at the position of the water molecule, 
which indicated tha t  the oxygen atom had  been over- 
weighted (Fig. 2(a)); therefore, the oxygen atomic 
scattering curve for O8 was temporar i ly  replaced by 
a nitrogen atomic scattering curve. Moreover, use was 

made  of the weighting system of Hughes  ( 1 9 4 1 ) -  
with zero weight for the unobserved ref lect ions-- in  all 
subsequent  least-squares calculations. The agreement  
improved considerably after a fur ther  cycle of least- 
squares ref inement ,  and  the R factor dropped to 
13.6%. A difference projection (Fig. 2(b)) now showed 
tha t  the weight assigned to 03 was still overestimated.  
(Yet, the use of the atomic form factor of carbon to 
represent the oxygen a tom did not improve the 
agreement  in a recalculat ion of the structure factors.) 
The informat ion about  the thermal  movements  was 
used to assign an isotropic tempera ture  factor to each 
atom of the asymmetr ic  unit.  This resulted in a sig- 
nif icant  improvement  for the structure-factor agree- 
ment,  with R = 1 2 . 4 % .  At this  stage the a t tent ion 
was turned  to the de terminat ion  of the z parameters .  

(ii) Determination of the z parameters 

The outs tandingly  strong 121 reflection, having a 
structure ampl i tude  of more than  ½ of the m a x i m u m  
possible, suggested tha t  the orientat ion of the mole- 
cules was close to tha t  of the (121) plane. Moreover, 
if it  is assumed tha t  two molecules of t hymine  related 
by a center of symmet ry  are hydrogen bonded to- 
gether, then  these molecules are coplanar and the 
common plane is required to pass through the origin. 
Critical examinat ion  of the covalent bond lengths in 
the (001) Fourier  projection showed tha t  an apparen t ly  
high degree of paral le l ism of the molecular  plane was 
preserved with respect to b.* Hence it  was legi t imate  
to assume tha t  the Fourier  peaks on (010) would be 
evenly dis t r ibuted close to a line whose direction 
would be de termined by  the prevalent  orientat ion of 
the in t ramolecular  vectors projected on to (010). 
Thus a sharpened Pat terson projection down the b 
axis was calculated using the 25 observed hO1 reflec- 
tions. The origin peak was removed and the coeffi- 
cients were mul t ipl ied by  the modificat ion funct ion 

0 ½, 1 
U -------- '-- 

Fig. 3. Sharpened Patterson projection P(u, O, w). Contours 
at equal but arbitrary intervals, beginning with the zero 
contour; negative contours are not shown. The origin peak 
has been removed. 

* Due to the length of the b axis this did not seem to involve 
any contradiction; even for a plane close to (i21). 
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already mentioned. The function P(u,  0, w) is shown 
in Fig. 3. The scarcity and the shape of the peaks 
indicated that, as expected, most of the vectors over- 
lapped to a great extent and that vectors of different 
nature had their length equal in projection. The peak 
D about 1-3 A from the origin was characteristic of 
the interaction between pairs of bonded atoms. Fur- 
thermore, from the structural features already asserted 
and from the symmetry inherent to the space group it 
was deduced that, in a direction conditioned by the 
orientation of the molecular plane, the length of the 
interatomic vectors projected upon (010) would be 
roughly equal to or a multiple of the distance between 
pairs of bonded atoms. Consequently, the linear 
arrangement of the peaks at constant spacing about 
1.3/~ in the direction [2,0,1] was selected as providing 
structural information consistant with our criterion. 
Accordingly, this result was used to derive the follow- 
ing linear relations z~ =0.5x~ between the unknown z 
and the known x parameters. In spite of its extremely 
simplified form--as evident in the elongation of the 
peaks in the [1,0,2] direction--this relation proved to 
be a straightforward step to the determination of the 
z atomic parameters. A first set of z values defined 
as above was used in a structure-factor calculation 
including the (h/el) and (~/cl) planes only. The poor 
agreement between the observed and the calculated 
structure factors (R=61%) reflected the inaccuracy 
of the analytical relation; but the underlying assump- 
tion was sufficiently correct to result in the conver- 
gence of the reliability factor in the course of the next 
least-squares refinements. In each of the successive 
computations the x and y parameters were given the 
values obtained from the two-dimensional refinement 
and after six cycles R had dropped to 21%. 

Three-d imens iona l  ref inement  of the positional 
and the rma l  pa rame te r s  

Like most of the preceding Fourier summations, the 
three-dimensional structure-factor and least-squares 
calculations were carried out on a Datatron digital 
computer. A program including individual anisotropic 
temperature factors in the structure-factor routine, 
and permitting least-squares adjustments on them, 
was used in the three-dimensional refinement. The 
temperature factor for one atom was expressed in the 
form 

T~= exp - (o¢~h2 + t5dc2 + ~,~12 + ~ h k  + ~hl + ~dcl} . 

In addition, an independent scale factor, ki, associated 
with Fc as required by the least-squares procedure, 
was allocated to each atom. The seven normal equa- 
tions were solved to give six anisotropic shifts and 
one scale-factor shift per atom in addition to the 
positional corrections. Finally, an average of the 
independent scale factors over the number of atoms 
was taken to reduce the number of unknowns for each 
atom to six; the six normal equations involving only 

the temperature factors were then solved for the final 
temperature parameters. 

Preliminary values for the constants N and ~ were 
obtained by an analytical process similar to the 
Wilson's method and introduced in a first cycle of 
least-squares refinement, making use of the zero and 
second layer only. Values for c¢ and ~ were assigned 
on the basis of the known average isotropic B para- 
meter; but the remaining ~ and U coefficients were 
given zero value in the preliminary computation. 
The resulting R factor was 18.8%; the average change 
in the positional parameters x and y was about 0.008 11, 
and the average shift d z was about twice as large. 
This difference was ascribed to the fact that the 
former had already been refined to a great extent in 
projection. An interesting feature was that the in- 
dividual scale factor assigned to the water molecule 
came out 96% of the average value taken over the 
nine other atoms. The atomic scattering curve of 03 
had already been multiplied by a factor 0-875 (i.e., 
7 instead of 8 electrons) in the structure factor cal- 
culations, and yet it appeared that the weight of the 
water molecule was still overestimated. The new 
'weighting factor' of 0.84 was a satisfactory confirma- 
tion of the value 0.83 deduced from the unit-cell 
dimensions and the measured density. Accordingly, 
the atomic scattering curve of Oa was multiplied by 
a factor 0.83 in all the subsequent structure-factor 
calculations and the individual scale factors of 03 
remained in line with the average value for the other 
atoms. In addition, this correction made the (90-9c)- 
function approximately zero at the center of the atom 
03 in the difference maps calculated during the next 
steps of the refinement (see Fig. 2(c)). 

The next least-squares computations were based on 
the complete set of three-dimensional data and after 
five cycles the R factor was reduced to 10.8%. The 
average shifts were of the order of 0.004 A for the 
positional parameters. At this point of the investiga- 
tion a search was made for the positions and the 
contribution of the hydrogen atoms. 

The hydrogen atoms were labelled as follows: 

o/H 7 

I 
8H 

O 

1 H ~  ~ /H2 
N N 

6 H ~ H 4  3 

5 

A difference map projected on to (001) gave a clear 
indication of the positions of the three hydrogen 
atoms attached to the thymine nucleus. A region of 
high electron density corresponding to the location of 
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the hydrogen atoms of the methyl group indicated 
tha t  two of them overlapped partially. The peaks 
associated with the hydrogen atoms of the water 
molecule were not very distinctly resolved in the two- 
dimensional projection; nevertheless, the flattened 
peaks situated on both sides of 08, on a line parallel 
to b (Fig. 2(c)), were tentat ively identified as hydrogen 
atoms. The values of the y parameters of the hydrogen 
atoms determined from the two-dimensional map 
were then used in the three-dimensional computation 
of appropriate difference map sections perpendicular 

½. H~~ H~~ H 
'i H2 , H5 I 

Fig. 4. A composi te  d rawing  of the  e lec t ron dens i ty  associa ted 
wi th  the  h y d r o g e n  a toms.  The  con tours  are a t  in tervals  of 
0.1 e .A -3, beginning wi th  the  0.3 e.A -a contour .  

y ~  

0 N2 Z 
0 3 

O2 

i ½ . . . .  l ) "- ., 

Fig. 5. F ina l  (001) Four i e r  pro jec t ion .  The  con tours  are  d rawn  
a t  in te rva ls  of 1 e .A-2;  the  dashed  lines represen t  the  
1 e .A -9 contour .  

to the b axis. The positions of the eight hydrogen atoms 
were clearly apparent with the restriction tha t  the peak 
for H5 appeared to be anomalously small. A composite 
drawing of this three-dimensional difference map is 
shown in Fig. 4 and the hydrogen atom parameters 
are listed in Table 2. 

A new set of structure factors and a least-squares 
refinement were then calculated; the hydrogen atom 
parameters of Table 2 were included and an isotropie 
thermal parameter, assumed equal to that  of the 
adjacent heavy atom, was assigned to each hydrogen 
atom. The R factor was reduced from 10.8 to 8.5%. 

Table 2. The hydrogen-atom parameters 
A t o m  z y z 

H~ 0.532 0.044 0.430 
H 2 0.003 0.049 -- 0.035 
H a 0.016 0.124 --0.157 
H 4 0.242 0.210 --0-127 
H 5 0.392 0.210 0.162 
H 6 0.452 0.196 --0.109 
H 7 0.824 0.197 0"424 
I-I s 0"885 0.237 0"302 

Two subsequent cycles of least-squares refinement 
indicated shifts in the hydrogen atom parameters 
which were clearly oscillating with an order of mag- 
nitude of 0.06 A_ about the values derived from the 
difference map;  therefore, only the positions derived 
from the difference synthesis were retained. The final 
set of structure factors led to an R factor of 7-8%, 
an improvement which is to be mainly associated with 
the further adjustment  of the anisotropic thermal 
parameters. The maximum positional parameter  shift 
for the heavy atoms was 0"0039 /~ and the average 
shift was 0.0012 J~. The final positional parameters, 
which include the shifts indicated in the last least- 
squares refinement, are listed with their standard 
deviations in Table 4. The final anisotropic thermal 
parameters are listed in Table 5. 

D i s c u s s i o n  o f  t h e  s t r u c t u r e  

(i) The molecular arrangement 
The molecular arrangement in the crystal is illus- 

t ra ted by the clinographie projection in Fig. 6. The 
main features of the molecular packing may  be visual- 
ized in terms of stacks extending indefinitely in the 
a and c directions. Adjacent stacks lie parallel to and 
are related by the glide planes. The stacks consist of 
narrow ribbons (a portion of a 'ribbon' is depicted by 
the sequence of molecules 3/1, M2, M3, and M 4  in 
Fig. 6), approximately two molecules in width, which 
are inclined about 30 ° to (001) and superimposed at  
one unit translation in the c direction. Within a ribbon, 
each molecule is hydrogen-bonded to two adjacent 
molecules across two different centers of symmetry ;  
these hydrogen bonds involve the two N - H  groups 
in the ring and the single oxygen atom O~. The other 
oxygen atom 01, accepts only a single hydrogen bond 
from a water molecule. Fig. 7 schematically shows a 
portion of the hydrogen-bond network, with hydrogen- 
bond distances and angles. The best plane of the ten 

t t t t  t p  t t  

atoms Ca, :Nx, N~, 02, C2, :N2, 0~, C2, N2 , 02 is defined 
by the equation 

- 3.2824x + 5.7695y + 3.2595z = 0.0066 ; 

the distance from this plane to the origin is 0.0066/~ 
and the average perpendicular deviation of the atoms 
from the plane is 0.04 A. The lengths of the two 
N - H  • • • 0 bonds are equal within experimental error, 
the average value being 2-840 A; the average length 
of the hydrogen bond between the water molecule and 
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Table  4. Final positional parameters and their standard deviations 

Atom x y z ax ay az 
C x 0.4934 0.11049 0.2602 0-0024A 0.0024 A 0.0026 
C 2 0.2666 0.03762 0.2003 0.0023 0.0023 0.0027 
C a 0.1330 0.11262 --0.0431 0.0026 0.0024 0.0028 
C 4 0.3176 0.13674 0.0685 0.0024 0-0024 0.0026 
C 5 0.3492 0.18920 -- 0.0040 0.0032 0.0026 0.0033 
Nj 0.4519 0.06210 0.3158 0.0019 0.0019 0.0023 
N 2 0.1087 0.06419 0.0216 0.0021 0.0021 0.0024 
O 1 0.6707 0.12724 0.3808 0.0018 0.0020 0.0023 
O 2 0-2446 --0.00565 0.2570 0.0018 0.0018 0.0021 
O a 0.8665 0.21960 0-4554 0.0040 0.0035 0.0058 

Table  5. Final anisotropic thermal parameters 

Atom 104s 104fl 104~ 104~ 104s 104~ 
C 1 75 3.2 351 1 -- 57 -- 4 
C 2 51 3.0 391 5 - 140 -- 7 
C a 65 3.6 357 10 -- 133 18 
C a 98 3.2 249 2 - 13 10 
C a 222 3-2 513 1 - 71 24 
N 1 58 2.6 545 6 --223 -- 8 
N 2 60 3.2 479 3 --236 6 
O 1 75 3"7 718 -- 16 --249 0 
O 3 104 2.9 785 -- 5 -- 394 15 
O a 238 4.7 2743 -- 33 --438 -- 13 

01 is also 2.84 /~. The  wa te r  molecules  are h y d r o g e n  
b o n d e d  t o g e t h e r  across the  gl ide planes,  a t  an  a p p a r e n t  
O - H . -  - 0 d i s tance  of 2.55 A, and  thus  form zig-zag 
chains,  which  run  paral le l  to  the  c axis. The  marg ina l  
h y d r o g e n  a toms  at  t he  ver t ices  of t he  chains  fo rm 
h y d r o g e n  bonds  w i t h  t he  a toms  O1 of successive 
t h y m i n e  molecules :  t he  wa te r  molecules  are the re fore  
essent ia l ly  respons ib le  for t he  pack ing  of t he  molec-  
ular  s tacks  in  the  b di rect ion.  The  a p p a r e n t  H - O - H  
b o n d  angle  of wa te r  as d e t e r m i n e d  f rom the  coor- 
d ina te s  of a toms  H7 a n d  Hs (Table 2) was found  to  
be 121 ° . This  m a g n i t u d e  is ve ry  close to  the  va lue  of 
123 ° for t he  angle  m e a s u r e d  be tween  t he  average  
d i rec t ions  of t he  h y d r o g e n  bonds  c a r b o n y l - w a t e r  and  
w a t e r - w a t e r .  No par t icu la r  s ignif icance can be ass igned 
to t he  C = O - - "  H - O  h y d r o g e n - b o n d  l eng th  and  to  
the  shor t  (2.55 /~) w a t e r - w a t e r  app roach  since t h e y  
are on ly  average  d is tances  associa ted  wi th  the  r a n d o m  

disorder  of t he  wa te r  molecules  (this pa r t i cu la r  case 
is d iscussed below in  sect ion (iii)). 

The  on ly  d i rec t  con tac t  b e t w e e n  a d j a c e n t  s tacks  of 
t h y m i n e  molecules  t akes  place b e t w e e n  the  p r o t r u d i n g  
m e t h y l  groups wh ich  are s epa ra t ed  by  3.89 J~. The  
shor tes t  i n t e rmo lecu la r  approach ,  aside f rom the  
h y d r o g e n - b o n d  dis tances ,  is 3.05 /~ a n d  occurs be- 
t w e e n  the  ca rbonyl  oxygen  O1 of one molecule  a n d  t he  
carbon a t o m  C8 of t he  ad jo in ing  molecule  r e l a t ed  by  
the  un i t  t r ans l a t ion  a long a. The  supe r imposed  molec-  
u lar  layers  are p robab ly  he ld  t o g e t h e r  m a i n l y  by  v a n  
der  Waa ls  forces, t h o u g h  the re  is s t ruc tu ra l  ev idence  
t h a t  t he  shar ing  of h y d r o g e n  bonds  w i th  t he  wa te r  
molecules  in  the i r  p resen t  a r r a n g e m e n t  re inforces  t he  
cohesion of t he  layers.  

(ii) The thymine molecule 
The  in t r amolecu la r  b o n d  l eng ths  a n d  angles  are 

l i s ted  in Table  6 a n d  shown in  Fig. 8. 
The  n ine  a toms  of the  t h y m i n e  molecu le  are closely 

coplanar .  The  bes t  p lane  t h r o u g h  t he  six a toms  of t he  
p y r i m i d i n e  ring,  as ca lcu la ted  by  t he  leas t -squares  
m e t h o d ,  is de f ined  by  t he  e q u a t i o n  

- -  2.8451x + 6.0337y + 3 . 3 9 4 7 z -  0.1527 ; 

t he  d i s tance  f rom this  p lane  to  the  origin is 0.1527 /~. 
The  average  dev i a t i on  of t he  six r ing a toms  f rom the  
p lane  is 0-004 ~ ,  w i th  a m a x i m u m  dev i a t i on  of 
0.008 A for a t o m  N1; the  depa r tu re s  f rom this  p lane  
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Fig. 6. A clinographic projection of the crystal structure of thymine monohydrate. Molecules Mz, M2, M3, and M 4 are succes- 
sively related by centers of symmetry at (0, 0, 0), (½, 0, ½), and (101), respectively. M~ is related to Me by the glide plane 
(dotted line) at y----- ~, and to M a by a screw diad axis at (½, y, ~). Coordinates of the atoms of molecule M 2 are listed in Table 3. 
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Fg. 7. A portion of the hydrogen bond network, showing bond 
ilengths and angles associated with the hydrogen bonds. 
Molecule M is related to M'  and to M "  by two different 
centers of symmetry. The dotted line g represents the trace 
Of a glide plane. 

of the  th ree  a toms  a t t a c h e d  to  the  r ing  are as follows: 
O1, - 0 . 0 0 1  A;  02, - 0 . 0 1 0  A;  C~, - 0 . 0 1 8  A. Owing to  
the  r e l a t i ve ly  smal l  s t a n d a r d  dev ia t ions  (Table 4), 
the  dev ia t ions  for 02 a n d  the  m e t h y l  ca rbon  a tom are 
p r o b a b l y  s igni f icant .  

I n  a recen t  paper ,  Spencer  (1959) has  de r ived  from 
the  mos t  re l iable  d a t a  ava i lab le  in the  l i t e r a tu re  
average  values  for the  r ing  bond  l eng ths  a n d  angles 
in  py r imid ines  a n d  re la t ed  compounds .  Spencer  makes  

Table  6. Intramolecular bond distances and 
bond angles 

The reported confidence limits are twice the standard deviation 
for each bond. The calculated standard deviation of the bond 

angles vary from 0.3 ° to 0.5 ° 

Cz-N z 1-391 ± 0.006/~ Nz-Cz-C 4 115.6 ° 
Nz-C 2 1.361 ± 0.008 C~-Nz-C z 126.3 
C~-N~ 1.355 ± 0.009 N~-C~-N z 115-2 
N~-C 8 1.382 + 0.007 C3-N2-C 2 122.8 
C3-C 4 1.349 ± 0.009 C4-C3-N2 121.8 
C4-C 1 1.447 ± 0.009 Cz-C4-C 3 118-2 
C4-C 5 1.503 ± 0.008 Nz-Cz-O z 118-3 
Cz-O z 1.231 ± 0.008 C4-Cz-O z 126-1 
C2-02 1.234 ± 0.007 Nz-C2-O 2 122-1 

N2-C2-O 2 122-7 
Cz-C4-C 5 119-0 
C3-C4-C 5 122.8 

the  a s s u m p t i o n  t h a t  each a t o m  has  a ' r ing  r ad ius '  
wh ich  depends  on the  t y p e  of bond  fo rmed  b y  t h e  
a t o m  outs ide  t he  r ing,  a n d  t h a t  accord ing ly  t h e  l eng th  
of a r ing  bond  m a y  be p red ic ted  as a f i rs t  approx-  
i m a t i o n  b y  add ing  the  rad i i  of two a d j a c e n t  a toms .  
A d i a g r a m m a t i c  compar i son  of t he  bond  d i s t ances  
observed in the  p y r i m i d i n e  r ing  of t h y m i n e  w i th  those  
der ived  b y  add ing  ' r in~ rad i i '  (Spencer,  1959) is shown 

in Fig.  9. I t  is ev iden t  t h a t  Spencer ' s  p red ic ted  va lues  
(c) differ  cons ide rab ly  f rom the  observed  ones (a). 
On one hand ,  t he  s ignif icance of t he  dev ia t ions  of t h e  
i nd iv idua l  observed  values  f rom Spencer ' s  p r ed i c t ed  
values  m i g h t  be assessed b y  refer r ing  to  t he  circle of 
rad ius  2~ assoc ia ted  w i th  each observed  va lue  in  
Fig.  9; however ,  on the  o ther  h a n d ,  t he  s t a n d a r d  
dev ia t ions  of Spencer ' s  va lues  are so much  larger  t h a n  
the  m e a n  s t a n d a r d  dev i a t i on  for t he  t h y m i n e  b o n d  
l eng ths  t h a t  a n y  mean ing fu l  compar i son  of t he  ob- 
served and  the  p red ic ted  values  becomes diff icul t ,  if 
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Fig. 8. Dimensions of the thymine molecule. 

not impossible. In the C-N bonds of thymine the 
nitrogen atoms form a single bond outside the ring and 
two carbon atoms, C1 and C2, form a double bond out- 
side the ring. On consideration of the experimental 
bond lengths (Fig. 9), it does not appear that  the 
at tachments to the ring affect the bond lengths in 
such a way that  the interatomie distances could be 
predicted within the l imit  of error by the simple sum- 
mation of average bond radii. 

The magnitude of the measured angles support the 
arguments of Pauling & Corey (1956) regarding the 
dependence of ring angles on annular attachments. 

A comparison of the bond distances in pyrimidine 
rings of thymine and of uracil (Parry, 1954) shows 
significant differences in all bonds of the same type, 
with a possible exception for bond C2-N2. These 
differences are astonishing in view of the fact that  
the molecules of thymine and uracil differ chemically 
only in the extra-annular at tachment  of a methyl  
group, a structural feature which alone cannot reason- 
ably explain the large observed discrepancies in the 
bond distances. 

In terms of the resonance theory, the bond lengths 
observed in thymine are satisfactorily accounted for 
if the canonical formulae shown in Fig. 10 are assumed 
to contribute to the resonant state in the following 
proportions : 

I, 34%; I I - I I I ,  17%; IV, 10%; V, 14%; VI-VII ,  4%. 

The familiar equation of Pauling (1948) was used in 
the calculation, with C-C = 1.54 ~ ;  C=C -- 1-33 A; 
C-N = 1.47 A; C=N + = 1.24/~ ; C-O- = 1.45 _~; and 
C=O = 1.20/~. 

The C=N + and C-O- bond distances given here are 
respectively modified in the manner suggested by 
Pauling (1948) to take into account the effect of the 
effective charges which are present on the N and 0 
atoms in the corresponding cannonical formulae. The 
values of the bonds for the neutral pairs of atoms 
were taken to be C=N=1.27 A (Pauling, 1948) and 
C-O=1.42 • (Schomaker & Stevenson, 1941). A far 
better agreement with the observed results for the 
keto groups is obtained if the revised value C=O = 
1.20 ~ (Vaughan & Donohue, 1952; Penfold, 1953) is 
used instead of the value of 1-22 ~ given by Pauling 
(1948). The calculated bond lengths are as follows: 

1-500 

o 
A 

1"450 

1"400 

1'350 - 

1"300 - 

(a) 

. . _ S k  ... i o x o . . . . . . .  - '"/ ' ' '°¢) 

Gi-NI Nt-G2 G2-N2  N2-G3 G3-G4 C4-GI Gt-Oi G2-02 

s ° 11"250 

Fig. 9. Diagrammatic comparison of the bond lengths of thymine. (a) Observed in thymine monohydrate (the radius of each 
circle is taken equal to twice the standard deviation of the associated bond distance). (b) Calculated by the valence bond 
method in combining the canonical formulae I-VII, shown in Fig. 10. (c) predicted (Spencer, 1959). 
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Fig. 10. Some canonical formulae of thymine. 

C1-N1 1"395/~ C3-C4 1"344 A 
N1-C2 1"368 C1-C4 1"458 
C2-N9 1"368 C1-01 1"233 
N~-Cz 1-379 C~.-09 1.247 

In Fig. 9, these calculated values (b) are compared 
graphical ly  with the exper imenta l  ones (a). In  view 
of the approximat ions  involved the agreement  is 
surprisingly good. This might  be, however, fortuitous 
in part, because no consideration has been given to 
the singly- and doubly-charged Dewar forms and  to 
the ionic forms with posit ively or negat ively  charged 
carbon atoms. 

Table 7. Bond distances and angles involving 
the hydrogen atoms 

N1-H 1 0.81 A C1-N1-H 1 125 ° 
N2-H 2 0.79 C~-N1-H 1 108 
C3-H s 0.86 C2-N~-H 2 112 
Cs-H 4 0.97 Ca-N2-H 2 125 
Cs-H 5 0.88 N~-Ca-H a 111 
Cs-tt 6 0.80 C4-Ca-tt a 127 
Oa-H 7 0.71 C4-Cg-Ha 126 
Oa-H s 0.77 Ca-C9-H 5 123 

C4-C9-H s 118 
tt4-C9-H 5 96 
H4-C9-H s 96 
H 5 - C 9 - H  s 89 
H ~ - O 3 - H  s 121 

The apparent  bond distances and angles involving 
the hydrogen atoms, as calculated from the parameters  
of Table 2, are l isted in Table 7. All the observed bond 
lengths are considerably shorter t han  the normal  inter- 
nuclear distances. An explanat ion of this apparent  
bond contraction has been given by  Tomiie (1958) 
in terms of a displacement  of the m a x i m u m  electron 
densi ty  around the proton towards the heavier  a tom;  
furthermore,  the shortening increases with the in- 
crease of the ionic character  of the bond. 

The departures of the three hydrogen atoms at- 
tached to the ring atoms from the median  plane of 
the molecule are as follows : H1, + 0.059; He, + 0-016 ; 
H3, +0.017. If  significant, the reason for the system- 
atic t rend of the three C-H bonds of the methyl  group 

to be bent  away from the bond a t tached to the r ing 
at  angles much larger t han  in the normal  t e t rahedra l  
configuration is not readi ly  apparent .  

(iii) The structural anomalies associated with the water 
of crystallization 
The importance of the water  molecules to the 

s tabi l i ty  of the crystal  s tructure of t h y m i n e  mono- 
hydra te  is manifes t  in the fact t ha t  the framework 
collapses on removal  of the water of crystall ization.  
Although it  is possible tha t  crystals of t hymine  mono- 
hydra te  contain var iable  proportions of water, the fact  
tha t  the crystal  selected for the structure analysis  
apparen t ly  contained a relat ive amount  of w a t e r - -  
0 .83--equal  to tha t  determined on the basis of the  
measured densi ty  indicates tha t  the range of water  
content is probably  quite small. No subsidiary reflec- 
tions were observed on the diffraction pat tern,  and 
it  was concluded tha t  there is no periodic packing faul t  
in the ar rangement  of the water molecules but  ra ther  
tha t  the water molecules are s tat is t ical ly dis t r ibuted 
over the available sites. 

I t  perhaps should be pointed out tha t  t hymine  
monohydra te  cannot properly be described as an 
inclusion compound. The dominan t  feature which 
causes such a classification to be inappropria te  lies in 
the fact tha t  the included species (in this case water) 
cannot be considered as ' t rapped '  in cavities formed 
by the other molecules, because the interact ion be- 
tween the two components is predominent ly  of elec- 
trostat ic na ture  (hydrogen bonding) and not  based 
on van  dcr Waals  forces (Schlenk, 1951). 

A surprising result  of the least-squares ref inement  
is the ext remely large value of the thermal  parameter  
y of the oxygen atom of the water molecule;  i t  cor- 
responds to a B of 16 /~2 and an  impl ied root-mean 
vibrat ional  ampl i tude  of 0-45 A in the c direction, 
obviously a prohibi t ive value. This anomalously  large 
value was ten ta t ive ly  a t t r ibuted  to a localized disorder 
in the ar rangement  of the water molecules; t ha t  is, 
i t  was presumed tha t  the z coordinate for the oxygen 
atom does not correspond to its actual  position bu t  
ra ther  represents the average value of a dis t r ibut ion 
of parameters.  In  an a t t empt  to obtain more informa- 
t ion about  this  stat ist ical  disorder a three-dimensional  
difference synthesis was calculated with Fc values 
from which the contr ibution of the water molecules 
had  been omitted. A section of this difference map: 
passing through Oa, is shown in Fig. l l (a) ;  as ex- 
pected, the electron densi ty  associated with the water  
molecule is considerably elongated in a direction 
closely parallel  to the c axis. The shape of the electron 
densi ty distr ibut ion along the main  axis of the ellipsoid 
is approximate ly  Gaussian and accordingly can be 
adequate ly  f i t ted by  a single atom with a large 
anisotropic temperature  factor;  i t  seems more reason- 
able, however, to presume tha t  i t  represents- -as  s tated 
above - - the  sum of a number  of smaller  peaks. For  
the purpose of semi-quant i ta t ive  discussion the elec- 
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tron density along the radius o~ a spherical oxygen 
atom was calculated for different temperature factors. 
In order to provide reasonable agreement with the 
empirical curve the calculation was carried out over 
1000 terms of the copper sphere of reflection. In 
simplifying the problem it is seen that, according to 
the water content, at least five constituent atoms of 
weight ~ are necessarily involved in the compound 
peak. In :Fig. ll(b) it is shown that, with a suitably 
chosen temperature factor of 8 J~e, the summation of 
five separate peaks (III)--each peak being one-sixth 
of the transform of an oxygen atom--placed at dis- 
tances 0, ± ½(u~')½, ± (ue)½ from the average position 
results in curve (II) which resembles closely the ob- 
served profile (I). The value of B is still large, but in 
view of the environment of the water molecule it is 
not improbable. 

" " / 1 I 

~'~ 3 I 
4 X ----.-- 

(a) 

[I e'A-~ 
\ y L  .... 

S . . . .  $ '  
~-2(u, )~-~  

0"90 A 
(b) 

Fig. 11. (a) A section th rough  the  water  molecule of a three- 
dimensional  difference map  in which the  wate r  cont r ibut ion  
had  been omi t t ed  f rom the  2' c values. The contours  are a t  
intervals  of 0.5 e./~-a; the  zero contour  is dashed.  (b) The 
electron dens i ty  d is t r ibut ion  (I) along the  line ss" of Fig. 
l l ( a )  as compared  wi th  the  compound  peak (II) obta ined 
by  the  s u m m a t i o n  of five t rans form profiles (III)  of an 
oxygen atom.  The t ransforms are mult ipl ied by  a factor  ~. 

An attempt is now made to find a simple model 
which would afford a suitable picture for the actual 
arrangement of the water molecules. In the first place, 
the water content suggests that  one out of every six 
water molecules is missing; accordingly we reduce the 
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Fig. 12. Orthogonal  project ion onto (100) of one of the  possible 
dis t r ibut ions  of the  wate r  molecules. The crosses a t  01 and  
O~ represent  the  centers of oxygen  a toms  of two t h y m i n e  
molecules re la ted by  the  glide plane g. The h e a v y  dots  
represent  the  oxygen  a toms  of wate r  molecules, e.g. H~O 
and  1:I90". The hor izontal  strokes, one a t  each occupied 
water  site, denote  the  average posit ions re la ted  by  the  glide 
plane. The hydrogen  bonds are indicated by  dashed lines. 
The general  or ienta t ion  of a water  molecule is as follows: 
e.g. the  hydrogen  a toms  of H~O (cell I I)  are engaged in 
the  O 1 . - - H O H  and  ] : I O i . . .  OH~ hydrogen  bonds  (also 
see a toms  H~ and  H a in Fig. 4). On each side of the  glide 
plane, five wate r  molecules are d is t r ibu ted  over six un i t  
ceils ( I -VI)  to form two short  zig-zag chains of six and  four  
e lements  respectively.  The wate r  molecules in a chain are 
separa ted  by  a cons tan t  dis tance of 2-70 A, and  their  centers 
are assumed to be wi th in  a range of 4-0.45 A from the  
average position. 
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problem to f inding how five water molecules on each 
side of the glide plane can be consistently distr ibuted 
over six consecutive uni t  cells. As previously pointed 
out, any  ar rangement  impl icat ing a periodic pa t te rn  
is to be avoided. According to our basic assumption of 

localized disorder, the z coordinate of each water 
molecule is not  unequivocal ly  fixed, provided the 
oxygen atom is placed wi thin  a range of _+ 0.45 A from 
the average position. As a consequence, it is easily 
seen tha t  the hydrogen bond l inking two water mole- 
cules across a glide plane is no longer restricted to the 
small  value of 2.55 A, but  m a y  assume a larger and 
more normal  value. In  the ar rangement  shown in 
Fig. 12 the O - H  • • • 0 bond between water molecules 
is increased to 2.70 /~, and this value is adopted as a 
reference to buil t  ' r igid'  zig-zag chains. The highest- 
membered  chain tha t  can be constructed in tha t  
fashion contains six water molecules. The remaining 
four water molecules are also hydrogen-bonded to- 
gether to form a four-membered chain whose vertices, 
as a whole, are placed at  random within the permis- 
sible sites. In  the layer portion depicted in Fig. 12, 
an unoccupied site is located on each side of the glide 
plane (in cells IV and VI). I t  is interesting to note tha t  
adjacent  chains have their  extremities separated by 
an average distance of 2.9 A,* which is about  twice 
the van  der Waals  radius for oxygen. The slight change 
in the orientat ion of H20 according to its displace- 
ment  from the average position makes the bond to 
the hydrogen a tom at  one ex t remi ty  of a chain point  
to the first oxygen atom of the adjacent  chain ra ther  
t han  to the site of a missing water molecule (see cell IV 
in Fig. 12); therefore it  is a t t ract ive to imagine tha t  
the protruding hydrogen atom might  be engaged in 
a hydrogen bond between the extremities of two ad- 
jacent  chains. 

One m a y  ask what  causes the sequential  arrange- 
ment  of the water molecules to be interrupted.  On the 
reasonable assumption tha t  each water molecule in a 
chain mus t  be hydrogen bonded to a t hymine  mole- 
cule, an answer is provided by  the following con- 
siderations. In  Fig. 12 there is evidence tha t  localized 
s tructural  modifications are associated with the dis- 
p lacement  of a water molecule from the average 
position. On the basis of the proposed model, two types 
of al terat ions are most l ikely to produce discon- 
t inuit ies in  the water configuration. First,  when a 
water molecule is shifted toward positive values of z~ 
the length of the C = 0 . . .  H - 0  bond increases and 
m a y  f inal ly  assume values at  which a hydrogen bond 
is not l ikely to occur. The bond distance of 2.91 J~ 
indicated in Fig. 12 (cell I) lies probably  close to 
such a t ransi t ion value. Secondly, when the central 
molecule is moved toward negative values of z, the 
hydrogen-bond angle C=0 • • • H 0 H  • • • OH2 is in- 
creased and this var ia t ion appears to be at least as 
critical as the simultaneous,  but  slower, lengthening 

* That  is, one unit  translation (3.8 A) minus twice the r.m.s. 
displacement (0.45 A) of O a in the c direction. 

of the C = O . . .  H - O  bond. In  the present case, 126 ° 
seems to be an upper angular  l imi t  above which a 
hydrogen bond is no longer formed. If one accepts 
the value 105 ° for the actual  bond angle of water, 
one might  ten ta t ive ly  say tha t  a hydrogen bond is 
no longer formed if the angle, at  the central  donor 
oxygen, between one of the hydrogen bonds and the 
bond to the hydrogen atom is larger than  20 ° . 

I t  is again pointed out tha t  the proposed distribu- 
t ion of the water molecules in Fig. 12 is arbi t rar i ly  
selected so as to provide a representat ive example  for 
our assumption and does not reflect a periodic si tuat ion 
systemat ical ly  repeated throughout  the crystal  lattice. 

In  conclusion we would like to emphasize the fact 
tha t  if one accepts a normal  hydrogen-bond length of 
2.70 A between the water molecules as prevalent  
throughout  the crystal lattice, a configuration of the 
water molecules results which is consistent with the 
observed X-ray  data.  This configuration consists of 
indefinite sequences of short chains of hydrogen- 
bonded water molecules. Furthermore,  i t  is seen that  
no extensive spacing necessarily intervenes between 
successive chains, but  ra ther  tha t  adjacent  chains have 
their  extremities in close contact. 

I should like to express m y  thanks  to Prof. Robert  
B. Corey for his continuing interest  and encourage- 
ment  during the course of this investigation. Grateful 
acknowledgements are made for numerous helpful 
discussions with Dr R. E. Marsh on the present struc- 
ture analysis.  

Editorial  Note : 

For other hydra te  structures, s imilar  to t hymine  
hydra te  in tha t  there are variable water contents and 
short water -water  distances, see 'The Crystal  Struc- 
ture of Caffeine' by  D. J.  Sutor, Acta  Cryst. 11, 453 
(1958) and 'The Crystal  Structure of Biuret  Hydra te '  
by  E. W. Hughes, H. L. Yakel & H. C. Freeman,  Acta 
Cryst. 14, 345 (1961). 
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