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sence of such resonance. This accounts for the fact 
that the value of 2.63 A. for the length of these 
hydrogen bonds is much smaller than the corre
sponding value of 2.76 A. in ice.21 On the other 
hand, each oxygen atom of a hydrogen peroxide 
molecule serves as an acceptor of two hydrogen 
bonds O- • -H-N of lengths 2.94 A. and 3.04 A. 
These are comparable in length to the hydrogen 
bonds N-H- • -0 of lengths 2.93 and 3.05 A. 
connecting neighboring layers of glycine mole
cules in the crystal of glycine.22 They are, how
ever, distinctly longer than the hydrogen bonds 
X-H- • -0 of lengths 2.76 and 2.88 A. in the 
same layer, since, in the case of glycine, resonance 
in the molecule leads to formal charges on both 
nitrogen and oxygen atoms, which then tend to 
make much stronger hydrogen bonds. 

Our structure satisfactorily accounts for the 
cleavages. The crystal may be cleaved parallel 
to (100) or (110) by breaking only four hydrogen 
bonds of the type N-H- • -O per unit cell. The 
strong hydrogen bonds O-H- • -O and the close 
double-layer structure are mainly responsible to 
the poor cleavage parallel to (001). Cleavages 
. (21) W. H. Barnes, Proc. Roy. Soc. (London), A125, 670 (1929). 

(22) G. Albrecht and R. B. Corey, T H I S JOURNAL, 61, 1087 (1939). 

In a recent investigation of the thermal decom
position of dimethyl carbonate in this Labora
tory,2 hydrogen was identified as one of the princi
pal products. Analysis showed, however, that a 
considerable portion of the hydrogen originally 
present remained unaccounted for. It seemed 
possible that this hydrogen had either diffused 
through the Pyrex glass wall of the reaction ves
sel, had been adsorbed by the glass, or had reacted 
with it. An extensive darkening of the glass in
dicated that reaction had occurred to some ex
tent. Since hydrogen is frequently a product of 
thermal decompositions, and since a reaction of 
the hydrogen with the glass, or its adsorption, 
might affect the course of the decomposition, fur-

(1) Taken in part from a thesis submitted by Clarence Bittner to 
the Graduate College, University of Arizona, in partial fulfillment of 
the requirements for the Degree of Master of Science in Chemistry, 
in May, 1939. 

(2) D. Olson, "The Pyrolysis of Dimethyl Carbonate," Thesis, 
University of Arizona, 1938. 

along other planes would break more bonds. 
Acknowledgment.—-We are indebted to Pro

fessor L. Pauling for encouragement and advice. 
One of us (C. S. L.) is grateful to the California 
Institute of Technology for a grant of a research 
fellowship, which enabled him to carry through 
this investigation in these Laboratories. 

Summary 
The crystal structure of the addition com

pound between urea and hydrogen peroxide, 
"hyperol," CO(NH2VH2O2, has been investi
gated. Its space group is D\i—Pnca; and there 
are four molecules in a unit cell of the following 
dimensions: ao = 6.86 A., b0 = 4.83 A., ô = 
12.92 A. The eight atomic parameters have been 
evaluated (Table I). The urea molecules have 
the same configuration, to within experimental 
error, as in the urea crystal. The configuration 
of the hydrogen peroxide molecules is that pro
posed by Penney and Sutherland, the two OH 
bonds lying in planes making a dihedral angle 
of about 106°. The 0 - 0 distance is 1.46 ± 
0.03 A. The packing of the molecules is essen
tially effected through hydrogen bonds. 
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ther investigation of the phenomenon was desir
able. 

Williams and Ferguson3 found that, at 1 atmos
phere and 640°, quartz glass was permeable to 
helium and hydrogen, the rate of diffusion for 
helium being 22 times that for hydrogen. They 
found that hydrogen did not diffuse through Pyrex 
under the same conditions. They attributed an 
observed darkening of the Pyrex to its reaction 
with hydrogen, and stated that this was not a sur
face reaction; but did not further investigate the 
phenomenon. Alyea,4 working with bulbs packed 
with Pyrex powder, found that Pyrex adsorbed 
no hydrogen at 25°, but adsorbed it rapidly at 
480°. He found the adsorption to be reversible, 
and recovered the greater part of the adsorbed 
gas, but did not attempt to measure accurately 

(3) Williams and Ferguson, THIS JOURNAL, 44, 2160 (1922). 
!4) Alyea, ibid., 53, 1324 (1931). 
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the amount of hydrogen recovered. He noted 
that a small amount was consumed in reducing the 
Pyrex. Williamson,6 also working with pow
dered Pyrex, found that adsorption of hydrogen 
occurred at temperatures between 400 and 542°, 
the rate of adsorption increasing rapidly with the 
temperature. He found that equilibrium was 
established after sixty-two hours of contact at 
542°, and that 95% of the hydrogen was recover
able. He determined three points on an adsorp
tion isotherm at that temperature. Working 
with soft glass, Langmuir6 found that there was 
no adsorption of hydrogen at room temperature, 
and that at the temperature of liquid air, which is 
especially favorable for physical adsorption, and 
a pressure of 200 barytes, the maximum adsorp
tion was less than that corresponding to a uni-
molecular layer. 

The investigation reported in this paper was 
undertaken to account for the "disappearance" of 
the hydrogen in the work with dimethyl carbon
ate2; to determine whether the loss of hydrogen 
was due primarily to diffusion, adsorption, or re
action ; and to determine whether this loss of hy
drogen might, in general, be great enough to ne
cessitate its being taken into account in the study 
of thermal decompositions producing hydrogen 
in Pyrex vessels. 

Experimental 

A 150-cc. cylindrical Pyrex bulb, walls 2 mm. thick, 
was filled in run 1 with chips of from 4 to 10 mesh pre
pared by breaking up a new Pyrex beaker and washing with 
dilute hydrochloric acid, and in all other runs with 1 cm. 
lengths of fresh 4 mm. outside diameter Pyrex tubing. The 
geometrical surface of bulb plus tubing was 1440 sq. cm. 
Capillary tubing was used throughout the rest of the ap
paratus, except for a closed-end manometer, and a small 
tube for freezing out water and vapors in dry-ice-alcohol. 
The bulb was heated in an oven controlled manually by a 
rheostat to ± 2 ° during the day, and =*=5° during the 
night. Preceding each run, the system was pumped out 
with a Hyvac pump for four hours a day over a three-day 
period. A measured volume of hydrogen, prepared by 
electrolysis of potassium hydroxide, was then admitted 
to bring the pressure to 700 mm., and readings of time 
and pressure taken throughout the day. The initial 
pressure ,was at no time greater than barometric. The 
next morning, hydrogen was admitted to restore the pres
sure of 700 mm., and readings repeated. This procedure 
was followed for nine days in run 1, and for two or three 
days in other runs. The glass tube immersed in freezing 
mixture was sealed off, and residual hydrogen withdrawn 
with the Topler pump. In all runs except no. 1 the evacu

ee) Williamson, THIS JOURNAL, 56, 1437 (1933). 
(6) Langmuir, ibid., 40, 1361 (1918). 

ated system was kept at the same temperature for forty-
eight hours, and any additional hydrogen which accumu
lated was pumped off at the end of each twenty-four hour 
period. 

Discussion 

The process occurring in the reaction bulb will 
be referred to as the "reaction" without excluding 
the possibility that adsorption may play a part. 

A determination of the free space in the packed 
bulb was made at room temperature, and at 540°, 
with air, nitrogen, helium, and hydrogen. The 
same value was found, regardless of the gas. 
When hydrogen or helium was used at the higher 
temperature, the reading was taken within one 
minute after their introduction, as a slow decrease 
in pressure set in. Any adsorption of hydrogen 
at this temperature within one minute was there
fore within the error of reading the gas buret. 
With helium, the observed drop of pressure was 
believed due to the well-known diffusibility of 
helium through hot Pyrex.3,7 Before making 
run 1, the packed flask was filled with helium at 
700 mm. and kept at 540° for three and one-half 
days. The pressure decrease was 182 mm. Dur
ing the first twenty hours it was 56 mm. In run 
1, using hydrogen under the same conditions, the 
pressure decrease in twenty hours was 337 mm. 
While Williams and Ferguson3 found Pyrex im
permeable to hydrogen, Urry found that hydrogen 
diffused through a number of glasses of high silica 
content at a rate about one-twentieth that of 
helium at 283°. Williams and Ferguson found 
the rate of diffusion of hydrogen through quartz 
glass at 500° was about one-twenty-second that 
of helium. Assuming that the hydrogen may 
have diffused through the Pyrex at a rate one-
twentieth that of helium, the pressure decrease 
due to diffusion during the first twenty hours 
would have been 2.8 mm., as compared to the 
observed decrease of 337 mm. Any pressure de
crease in the runs with hydrogen due to diffusion 
must therefore have been small, and probably 
negligible. 

In Fig. 1 is shown the decrease in pressure of 
hydrogen with time following successive additions 
of hydrogen for run 5, at 580°. If diffusion alone 
were the cause of the pressure decrease, the curves 
should coincide. For the runs at lower tempera
tures, curves similar to those of Fig. 1 were ob
tained, the slope of the curves being less, the 
lower the temperature. 

(7) Urry, ibid., Si1 3887 (1932). 
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Fig. 1.—Change in pressure of hydrogen with time 
when heated with Pyrex at 580°. Curves (1), (2) and 
(3) are for first, second and third addition of hydrogen, 
respectively. 

Figure 2 shows the effect of temperature upon 
the rate of pressure decrease for the first addition 
of hydrogen as observed in runs 2 to 5. Results 
for run 1 are not plotted, as in this run glass chips 
were used and a different surface exposed. 

The decrease in the slope of the curves with time 
as shown in Figs. 1 and 2, and with successive 
additions of hydrogen as shown by Fig. 1, might 
be explained as due to an approach to equilibrium 
characteristic of adsorption. In no case, how
ever, was equilibrium established. In run 1, the 
Pyrex chips were in contact with hydrogen at 
540° for two hundred and thirteen hours, yet at 
the termination of the run the reaction was pro
ceeding at a diminished but easily measurable 
rate, the decrease in pressure during the last 
twenty-three hours being 53 mm. Since equilib
rium was not established, it was not possible to 
determine an adsorption isotherm. 

In view of the failure to attain equilibrium, and 
of other facts to be presented, it is logical to as
sume that the chief process occurring is an actual 
reduction of substances present in the glass. The 
decrease in rate of reaction with time may be due 
to the decrease in pressure of hydrogen, and to the 
fact that as the reaction proceeds, the hydrogen 
must penetrate the glass more deeply in order to 
come in contact with reducible material. 

In Table I are shown the volumes of hydrogen, 
at standard conditions, needed at different elapsed 
times to restore the initial pressure. These 

751 , ! ! ; 
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Fig. 2.—Decreases in pressure of hydrogen with time, 
for initial addition of hydrogen at different temperatures: 
Curve (2), 500°; (3), 540°, (4) 560°, (5) 580°. 

volumes therefore represent the amounts of hy
drogen that had reacted at the times indicated. 
It is seen that relatively large amounts of hydro
gen reacted, as had been previously indicated in 
the work on dimethyl carbonate. 

Table II shows the efficiency of recovery of the 
hydrogen. The volume of hydrogen obtained at 
each exhaustion is shown. The efficiency of re
covery varied from 55% in run 2 to 23.5% in no. 
5, and was less, the higher the temperature. 

The hypothesis that an extensive reaction had 
taken place is supported by the appearance of the 
glass. In every case it was blackened, the intensity 
of discoloration being greater the higher the tem
perature, and the longer the time of contact with 
hydrogen. The effect is not a surface effect, as the 
glass tubes showed a definite zone of penetration, 
while the glass of the reaction bulb was blackened 
to about one-half of its thickness, the line of demar
cation from the uncolored glass being quite sharp. 

In every run, a small amount of water was col
lected in the side tube. These weights of water 
are given in Table II. On the average, they do 
not account for more than about 10% of the hy
drogen which disappeared. The method used 
was intended chiefly as a qualitative test for water. 

The exact nature of the reduction taking place is 
uncertain. The darkening might be due to free 
silicon, arsenic, or iron. Since 50 cc. of hydrogen 
would produce only 0.03 g. of silicon, distributed 
through 100 g. of glass, any quantitative deter
mination would be difficult. 
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T A B L E I 

V O L U M E S O F H Y D R O G E N R E Q U I R E D TO R E S T O R E I N I T I A L P R E S S U R E 

(1) 540° 

0 
1186 
2771 
4251 
5664 
6914 
8554 
9979 

11219 
12814 

V 

39.5 
30.9 
14.5 
10,7 
9.1 
7.8 

10.8 
5.5 
5.8 

—Ti me (/) in minutes; temperature in 0 C ; volume Iv) in cc. 
(2) 500° (3) 340° 

/ v t 

0 53.7 
1565 16.1 
3400 

0 53.5 
1440 26.0 
2805 19.3 
4505 

at standard conditions 
(4) 560° 

0 51.6 
1215 28.2 
2425 31,3 
4440 

(5) 

0 
1296 
2870 
4395 

580° 

49.0 
42.3 
31.4 

T A B L E I I 

E F F I C I E N C Y O F R E C O V E R Y O F H Y D R O G E N A F T E R H E A T I N G I N C O N T A C T W I T H P Y R E X 

Time (<) in minutes; temperature in ° C ; volume (v) in cc. at standard conditions 
Temp., 

0C. 

540°" 
500° 
540° 
560° 
580° 

" Run using 

/ 
12814 
3400 
4505 
4440 
4395 

glass chips. 

Total v 
Hs added 

124.6 
69.8 
98.8 

101.1 
122.7 

(a) 

37.6 
36.8 
31.9 
22.7 
23.3 

v H2 recovered 
(b) 

0.6 
1.7 
2.4 
2 .1 

(c) 

1.4 
1.0 
3 .1 
3.3 

Wt. of water 
found, g. 

0.0074 
. 0022 
.0047 
.0112 
. 0135 

» H2 accounted 
for as water 

9 . 2 

2 . 7 

5 . 9 

13 .9 

1 6 . 8 

Assuming that the geometric surface is the true 
surface, the hydrogen which disappeared in run 6 
would, if adsorbed, have formed a layer 3472 
molecules thick. The ratio of true to geometric 
surface is uncertain, but it seems improbable that 
it could be as great as 3472, which would be re
quired to explain the phenomenon as adsorption 
in a unimolecular layer. 

The behavior of the Pyrex used in this work was 
quite different from that used by Alyea4 and by 
Williamson.8 Both of these workers used pow
dered Pyrex, with undoubtedly a much greater 
surf ace-volume ratio. In the present work, some 
of the water formed may, by its adsorption on the 
glass surface, have prevented the activated ad
sorption of hydrogen reported in Williamson's 
isotherms. The results described are best inter
preted as indicating that at temperatures between 
500° and 580° an extensive reaction takes place 
between hydrogen and Pyrex. 

Summary 

1. When hydrogen is heated with Pyrex glass 

at an initial pressure of 700 mm., and at tempera
tures of 500 to 580°, a steady drop in pressure is 
observed. This was shown not to be due to dif
fusion. 

2. The rate of pressure drop increases rapidly 
with temperature; and at a given temperature, 
when hydrogen is added to restore the initial pres
sure, proceeds with diminishing rate with succes
sive additions. 

3. No equilibrium was reached. Hydrogen 
recovery varied from 23.5 to 55%, being less, the 
higher the temperature. About 10% of the hy
drogen which disappeared was accounted for as 
water. 

4. The glass is greatly darkened, the effect 
extending far below the surface. 

5. The process is interpreted as being due 
chiefly to an irreversible reaction, rather than as 
adsorption. 

6. The amount of hydrogen removed is suffi
cient to be of importance in pyrolyses in Pyrex in 
which hydrogen is a product. 
T U C S O N , A R I Z O N A R E C E I V E D F E B R U A R Y 17, 1941 


