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Hydrogen Isotope Fractionation in the 'dater 
of Hydration of Crystals 

Hydrogen isotope fractionation in the .water of 
hydration of several crystals wa s studied~ De-
hydration of Cu30L~ • 5Hz0 in stages shows that in 
general water containing deuterium is preferentially 
retained in the crystal. Some Variations from this 
general trend are observed at the composition of 
Cuso4 °3H2o and. Cu.304•H2 o. I'hese variations can be 
explained as beinG due to a change in the manner in 
which the ·water co~ing off was held in the crystal. 
Similar behavior is observed for ZnS04•7H2o. Re­
hydration of anhydrous CuS04 with distilled water indi­
cates that heavy water is preferentially incorporated 
into the hydrated crystals. ExperiTents circulating 
water vapor over cuso4•5H2o crystals indicate that 
isotopic eq_uilibrium is oota.ined only very slowly. 
The time at room temperature is probably well over 68 
hours for vapor that started with about JO% less heavy 
water than the expected equilibrium value. Water sampl'es 
were analy?=ed by passing the vapor over hot uranium metal 
to reciuce the hydrogen in the water to hydrogen gas and 
using a mass spectro~eter to obtain the D/H ratios 
relative to a standard sample. 



Hydrogen isotope fra cti o~a tion h~s been studied for CTany 

types of wa ters, b~t the fra c t ionations in the water of hydra­

tion of crysta ls has been large ly ignored. In work that has 
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be e n done density methods h ~ve been use to o e a sure the isotope 

ratios. The se ~ ethods a re much less precise than the ±1 per mil 

precision obta inable with high precision mass spectrometry used 

in the experiments described h e re. 1 Some work has been done by 

Peinelt, l'fiaass, and Heuber2 on oxygen exchange reactions in 

inorg3nic hydrates, aga in using d~nsity methods , but no des-

' criptions of previous high precision work on hydrogen exchange 

in inorganic hydrates could be found. 

In the experiments described here samples of copper sulfate 

pentahydrate, zinc sulfate heptahydrate, and sodium sulfate 

decahydrate were dehydra ted in stages. The hydrogen isotope 

fra ctionation was determined for each aliquot of water removed. 

Fra ctionation was then plotted against the percent of water 

removed at that stage. 

Several attempts were made to partially rehydrate the 

anhydTous copper sulfate that resulted from the dehydration 

with water of known hydrogen isotope composition. Attempts 

were also ~ade to equilibrate copper sulfate pentahydrate with 

water of known composition in a system that circulated the 

1 'i.'a~rlor, ·rrans. Amer. Geophys. Un., Vol. 47,No.1,p.287(Nar., 1966). 

2Peinelt, Maass, and Hueber, Abh. Deut. Akad. ~- Berlin, • 
Kl. Chem., Gcol., 3iol. 1964(7), 7"63"=7o(J?ub. 1~. 
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water as vapor over and through the salt. 

Exnerimental 

All salts used were analytical reagents in the fine crystal 

form. 

Figure 1 is a sketch -of the apparatus used for the dehydration 

of the copper sulfate pentahydrate. Bulb B contained the copper 

sulfate sample and. Bulb A was used to give the system enough 

volume to allow sufficient water to be in the vapor phase at 

one time to provide a sample large enough for the mass spectrometer. 

The total volume of the system to the right of stopcock E was 

approx. 1200 ml. crhe salt sample was weighed into Bulb B, and 

i3ulb 3 was then attached to the system and irrnnersed in liquid 

nitrogen to freeze the water in the sample. All stopcocks 

were opened to evacuate the system. A mechanical pump and a 

mercury diffusion pump were used as the s9urce of the vacuum. 

Stopcock F was then closed, the sample in Bulb B briefly thawed, 

refrozen, and again pumped on by reopening stopcock F. Stopco9k 

E was closed, the 1 iquid nitrogen re□oved, and water left the. 

crystals going into the syste~ as vapor. The sistem was allowed 

to stand at room temperature until the pressure over~the ,crystals 

reached equilibrium. The pressure was considered to be at equilib­

riur;i when the mercury manometer showed no change in pressure 

over a period of about an hour. After the pressure reached equi­

librium stopcocks F and G were closed, stopcocks E and I were 



Figure 1 

Apparatus for CuS04 • 5H2o Dehydration 

A- 1 liter bulb 

To Vacuum 

t 

C 

B- Approx. 20 ml. bulb for CuS04 • 5H2 0 Sample 
C- Mercury manometer 

- L} ....... 

D- Sample tube into which water samples were frozen 
E,F,G,I- Stopcocks 



opened and the water vapor frozen with liquid n itroGe n into 

sample tube D. i?ro□ the pre ss ure before freezing , the volume 

of the system, and the tempe rature of the vapor b e fore freezing, 

the amount of i•mter collected in the s ample tube could. be cal-

cula ~ed. The first sample of copper sulfat e pentahydra te consisted 

of 104547 g rams. Four sample tubes of water (RB 1-RB 4) were 

collected from this sample. Each tube had several aliquots of 

water vapor frozen into it and the total a.mount of water in e a ch 

tube was calculated. Only about 20% of the total water in the 

sample wa s r emoved in these fo'J.r tubes. After taking the four 

s a:nples it became apparent that the s s mple was too large to allow 

for complete dehydration in~ reasonable length of time. The 

pa rtially dehydrated copper sulfate sample was replaced by a 

smaller 0.3573 gram sample of copper sulfate pentahydrate. A 

co;nplete d e hydration was done on this sample and water samples 

R3 6 to R3 20 were collected. RB 6 to RB 9 were collected in the 

same i'lay described for RB 1 to RB 4. For RB 10 the copper sulfate 

was heated by immersing the bulb containing it in a hot vmter 

bath to get· the water vapor press~re up. The pressure was then . 

allowed to eQuilib~ate as previous .samples had before being 

frozen out. Samples RB 11 to R3 17 were heated with the gas - air 

flame of a hand torch to get the pressure up before equilibrating and 

freezing. R:i3 18 to RB 20 were heated with the hand. torch but the 

pressure WSI.S not allowed to equilibrate before freezing. R3 20 

was heated hard to :nake sure all water was driven off. Due to 

what looked like contamination of RB ~O with sulfur compounds, 



RB 20 was not processed a~y further except for det e r mining the 

weigh~ of the wat e r. Some of the very first wat e r to co~e off 

this sample was lost. The a□ount lost was assumed to be the 

difference bet·tleen the total a:7lount of water callee ted and the 

total aCTount of water calculated to be in the sa~ple. 
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rhe hydrogen in the water samples was collected by passing 

the water as vapor over hot uranium metal in the a pparatus shown 

in Fig. 2. The sample tube containing the wa ter was put into the 

system at A and the system was evacuated. The ~ater was then 

frozen with liquid nitrogen into the side arm Band any non-condensable 

gases were pumped out. The water was then frozen irtto the trap at 

Cana the system again pumped on to remove any non- condensable 

vapors that had been previously trapped in the ice. As the water in 

C was allov:ed to tha•s its 01·m vapor pressure carried it ~. over the hot 

(600 - 700°C) uranium metal at D where the hydrogen in the water was 

reduced to hydrogen gas. Toepler pump (F) pU!ilped the hyd.rogen 

gas to s~mple tube G. The amount of gas collected from each 

sample was measured first by trapping the hydrogen gas below 

stopcocks I and Kand raising the mercury level above the pump 

to the level of M. The difference in mercury height between M 

and the mercury level in tube N was used with the previously 

determined volume of the system between Mand I and Kand the 

temperature to calculate the amount of hydrogen collected. The 

hydrogen was then allowed to go into sample tube G. This method 

was used to determirte the amount of water given off at each 

stage of dehydration for all samples except RB 1 to RB 4. 



To Vacuum 

t n 
I I To Va cuum j j G 

11 _ ____, t A 
--------<- {y ,-....-- ---------

N I 

- --- M 

E 

Figure 2 

Uranium Line for Freeing Hydrogen from Water Samples 

A- tat~r containing sample tube 
B- Side arm into which water is first f r ozen 
c- frap into which water 1s refrozen 
D- Uranium metal in U- tube in oven 
E- Cold trap 
F- Toepler pump 
G- Sample tube for hydrogen gas 
I,J,K- Stopcocks 
L- Ball valve 
M- Manometer reference level 



fhe hydro~cn cas s amples were then ~un through the mass 

spcctrocctcr which ~ave the deviation of the D/H ratio in the 

hy~rogen sample from the D/ii ratio in a standard. The deviations 

are reported as 6 values. 

& = RnJH~.~-- -= ~ 100 
CTD/H .Sti, .. nd,nd ~ 

This differs from the standard definition for 63 

6 =~~ - j] 1000 l2: !;tCl h<'-:>...-6 

where R is an isotope ratio 

only in changing the factor 1000 to 100. This results in the &•s 

in this paper being in units of per cent rather than per mil. 

Thus S =+1 implies that the sample is l~b richer in D than is the 

stsndard. Table I sun□arizes the results of RB 1 to RB 4 and RB 6 

to RB 20, and Fig. J is a plot of 5 vs.% of water removed from 

the copper sulfate pentahydrate. 

A zinc sulfate heptahydrate sample was dehydrated. • rhe 

systen used was the same as that shoNn in Fig. 1 except that -the 

1 liter bulb (A) was replaced with a small cap. The method of de­

hydration used for the zinc sulfate was different than the method 

used for the copper sulfate in that the vapor was frozen immediately 

int;o the sample tube without letting the pressure first equili ·orate. 

After enough water for a mass spectrometer run had oeen accumulated 

in the sa:nple tube, stopcocks E and I were closed, the sample tube 

3Epstein, 11 Variations of the .018;016 Ratio in Nature and Some 
Geologic I:c1plications, 0 in Researches in Geoche'.Ilistry, ed. by P.H. 
Abelson, New York, John Wiely & Sons, 223, 1959. 
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Sample ., 
tt 

R.3 1 

RB 2 

RB 3 

RB 4 

r,101 es 

Table I 

CuS04•H2o Dehydration 

Weight of Samples: 
For RB 1 to ~3 4 
For RB 6 to RB 20 

% Total 
~•;rater in ~·rater off 
% 'rotal I 

,hydrof::e n sanmle ! at this P.~· 6. 91} .00201 6.97+-

.00146 4.,69 11.9 

, .00178 6 .. 2 1s.1 

l.000565 L,9 20.,0 
I __ ,,_.:.:!,. _____ - - - - - - - - · - -I 

RB 6 Io 000738 10.,32 21.92 

RB 7 .000640 8.,93 30.85 

RB 8 .,000450 6 .. 29 J?.14 

RB 9 .000370 5.19 42.3.3 

RB 10 .000315 4.39 46 .. 72 

RB 11 .. 000532 7. L~8 54.20 

RB 12 .000567 7.90 62.10 

R3 lJ .. 000462 6.50 68.60 

RB 14 o0004J4 6.oo 74.6 

RB 15 ,.000384 5.4 80.0 
I 

RB 16 l.000194 2.7 82.7 

RB 17 .000210 2.9 85.6 

RB 18 .000405 5.7 91.3 

RB 19 .000455 6.5 97.8 

RB 20 e000161 2.2 100.0 

1.4547 g:n. 
0 ~3573 e;m. 

s u;) 
0., 1 

0.78 

• 1 .16 

1.98 
- - -
1.,72 

2_. 62 

3.43 

2.06 

2.15 

3.,05 

4.01 

3.39 

4.08 

5.03 

5.72 

5.76 

7.53 

6.73 

Notes 

----------.--
First 11 .. 6% of water 
lost. 

Hot water heated 

1st torch heated 

Two aliquots 

1st not allowed to 
pressure equilibrate 

Only amount of 
hydrogen determined 
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was removed, a new sa□~lc tube put in place 3Dd evacuated, stoo­

cocks E anci. I opened, and the next sar:iple ~·ms frozen out. Zn 1 to 

Zn 8 C9.me off at room te:,;.perature ,,;hile to get Zn -9 and Zn 10 the 

zinc sulfate had to be heated with the gas-air flam~ of the hand 

tor-ch. Zn 10 w::i.s heated hard to be sure all the ,·:ater ca:ne off. ·rhe 

water samples WE::re treated identically with the water S8.mples 

obtained from the coppe r sulfate. Table II shows the results of 

the zinc sulfate dehydration and Fig~ 4 is a plot of & vs. % of 

water out of the zinc sulfate. 

fl 0.2J25 gram sample of sodium sulfate decahydrate was pre­

pared and dehydrated the same way as the zinc sulfate sa~ple. The 

salt was exposed to the atmosphere for about 10 minutes between 

the time the stock bottle was opened and.-the time the sample was 

frozen. Sa:T,ples :'-Ja 1 to Ka 5 came off at room tenperature. A 

sixth sample could not be obtained even ·t-1i th hard heating from the 

gas-air flame of a hand torch. Table III.shows the res~lts of 

this dehydration and Fig. 5 is a plot of & vs.% of total water 

removed. The total amount .of water .removed consisted 9f only 

40.655t of the theoretical a:nount. 

The anhydrous copper sulfate left after the pentahydrate was 

dehydrated .. ms partially rehydrated. A capillary containing a 

knovm amount of distilled ;,·rater was put in the system and the 

systen evacuated. The capillary was then broken and the water 

entered the system. The . system was given about 24 hours to 

equilibrate and the sample was frozen ou~ and run through the uranium 

line and mass spectrometer. Several samples of the same distilled 
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Ta ble II 

ZnS04 °?H20 Dehydra tion 

Weight . of s aJnp l e == 0.2197 r;r a:ms 

1; Total 5; Tot a l 
Sa;Eple I•'ioles Water in Water off 

JJ. Hvdr o.c;en Samnle a t this Pt. f; ( at ) Notes It 

Zn 1 I .000508 - 9.50 9 .. 50 - 0 .. 820 

Zn 2 0000525 9o81 19.Jl 0.881 

Zn J 0000525 8.70 28.01 1.389 

Zn 4 .000495 9o25 37026 1 .. 940 

Zn 5 .. 000563 10.52 47.78 2.131 

Zn 6 0000475 8088 56066 3 . 922 

Zn 7 0000980 18.32 74.98 4.265 

Zn 8 o000J42 6039 81~J7 ./ 5. 873 -

Zn 9 .000255 4,.77 86.14 8.738 1st torch heated 

Zn 10 .000590 11.03 97 . 17 6.971 

Other 2.8J.% of 
water not 
recovered. 
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To.ble III 

Na2s04°lOE20 Dehydration 
Weigh~ of Sample= 0.2 325 grams 

Sample\ r:oles 
, , Hvdro,<7'en 

% Total 1 % Total 
Water in ! Water off 

Sa~ule iat this Pt. 

Na 1 

Na 2 

Na 3 

Na 4 

Na 5 

i 
I 

1 . 000362 

! ,.001038 
• 
0000592 

.. 000544 

,. 0004000 

7.,53 

5.54 

64.36 

78.73 

86.93 

60162 

5.267 

6,.447 
6. 541 

6.244 

7.615 

Notes 

1st 59.35% of 
W<:!,ter assumed lost 

Na 3 repeated 
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i•:8.ter ·,.;crs rul1 dir t: ctly throue; h the uranium line and mass ,:: pec­

tromete r to deter~ine the isotopic compositi6n of the water added 

to the anhydrous cop ver sulfate. rhe copuer sulfate was hea ted to 

d e hyd rate it between additions of water. Table IV shows the results 

of these rehydr~tions. 

The apparatus shown in Fig. 6 was constructed and used for 

circulating water vapor over a sample of copper sulfate. The 

circ~lation was atte~pted in order to allow all the vapor to equi-

librate with the water in the crystals. rhe U-tube (Din Fig. 6) 

conta ined 35~50 grams of conner sulfate nentahydrate when it was 
• - -

sealed into the system. This sa~ple was large enough that experi­

ments done on it would make only an insignificarit change in the 

total isotopic composition of the water in the crystals. A dewar 

of liquid nitrogen was placed around the U- tube, the copper sulfate 

frozen, and the system evacuated. The internal vo1Ui.7le of the 

system was 924.9 ml. and the volume of the part of the system from 

M to I to G to F was 168 ml. Samples of vapor were removed by 

freezing the vapor into a sample tube at B. Capillaries of water 

of known isotopic conposition were put in the side ar~ C, the 

system evacuated, and the capillaries broken to introduce the water 

into the system. Stopcocks F and G were kept closed when capillaries 

were inserted and sample tubes changed. ·rhis prevent·ed the copper 

sulfate from being contaminated by the atmosphere. The Toepler · 

pump (A) circulated the vapor through the system and U-tube of 

copper sulfate. Four samples of copper sulfate were sealed in 

weighing bottles at the same time the U-tube was filled. ~hese 

( CC 1, CC 2, CC 5, and CC 10 in I'a'::lle V) were competely dehydrated 



Sci.mp le 
.11 

,._ 'f. 

RB 21 

RB 22 

RB 23 

RB 26 

RB 24 

R:i3 25 

RB 27 

Table IV 

Anhydrous Cuso4 aehydration 

Wt. :.-!c1.tcr ;-t.Molcs 
1'\dd ed ( rem) Added 

00882 845 

01274 1108 

I 

'rcmp 
oc 

33.7 

32.9 

33.3 

34 .. J 

34.2 

cS c~n 
. .,,.1.943 

·--0.,266 

- 0.2J8 

-2 .. 47 

-0.249 

3.7 moles water 
per mo le of salt 

To dete:-::-mine 
co::::iposition of :. 
water added in 
RB 21 

Same as RB 22 

Jo46 moles water 
per mole salt 

To deter:n.ine 
composition of 
water·added in 
RB 26 

Sarne as RB 21+ 

Same as RB 24 
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Figure 6 

System for Circulating Water Vapor 

A- Teopler pump for circulation vapor 
B- Sar:1.ple rube 
C- Side arm where water containing capillaries were 

tnserted and broken 
n~ U-tube containing Cuso4•5H2o sample 
E- Vacuum gauge 
F to L- Stopcocks 
M- Ball valve 

Volume of system below I and H = 924 .. 9 ml. 

Volume of system along M,IiG,F = 168 ml. 

Volume of system aloni M,A,J,L,C,F = 756.9 ml. 



Sample 
// 

cc 4 . 

cc 6 

cc lJ 

cc 14 

cc 8 

cc 9 

cc 11 

cc 12 

cc 7 

cc J 

Table V 

Circulated Samples 

Complc te ' Dehydrat ions of cuso4 •5H20 Samples 

Samule P ' - moles of water out 

· - ··-GC ··1 
cc 2 
cc 5 
cc 10 

568 
786 
745 
345 

2.25 
2.86 
3.41 
0.764 

Additions of 6 =+8 " 92.% wat.er samples 

Circula-; 1 Hydrogen p-moles 
tion time T0mp. ;,i-moles water 

, (hrs) C out n, added cS(%) 

3 32.0 674 1318 • 2.81 

.. 833 J2 . 0 1264 1829 4.68 

20 I 31.9 1293 1688 . -J.155 

1/J 
I 

1949,.., - 0.567 100 I JJ. 7 1015 

Additions of 6=- 29.34% water samples 

1 31.2 1064 1208 -11 .. 852 

3 .-vJ1.0 980 1069 - 17.573 

14 30.4 • 1167 1974 - 20.016 

68 30.1 1020 2620 -15,209 

Addition of &=~0 . 07; water sample 
I 

I 
3 to 1.5 31.7 1114 1405 1.747 I 

\.. __ _ - -

First water to come off sample naturally 

620 0.318 

- 19-

Effective 
S of added 
water (8,.,) ~ 

8.12 

8.46 

6 . 98 

7.37 

- 24. oo 

-26.15 

- 28.12 

- 28.55 

0.784 
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to det 2~~ ine the overall iso topic c omposition of the water in the 

cop pe r Sl~ lfa te. CC 3 w;;\S compos ed of the first wate r that c ame off 

the coppe r sulfate in the U-tube when circulation w2s started. In 

CC 4, CC 6, CC 1J, and CC 14 the water added i~ the c a pillary had a 

S of +8.92%. In CC 8, CC 9, CC 11, and CC 12 the water added had a 

6 of - 29.J4fi . In CC 7 the w3 ter added had a 6 of about OoO%. rhese 

sa~ples were circulated f~r various periods of time. Since when a 

vap or sanple was frozen out into a sample tube_ stopcocks F and G 

were closed and since vapor could not get past ball valve l'1 when 

the pump was off, vapor was left in·the volume from I1 to I to G to F. 

When the next capillary was added the vapor of the water in the 

capillary was added to the vapor left in the system and the effective 

isotopic composition of the vapor added was not that of the·water 

in the capillary but a combination of the vapor left behind from the 

previous experinent and the wat e r added. This mixing was corrected 

for in tabulat ing the results of these experiments. From the 

volume of the part of the system from which the sample was frozen 

(756.9 ml =V1 ), the number of moles of hydrogen obtained (hence the 

nu:nber of moles of water frozen out, n 1 ), and the temperature (r) at 

the time just before the freezing started, the pressure . (P) of the 

water vapor in the entire system was calculated. 

,,, 
R= gas constan~ 

From this pressure, the tei.llperature, and the volume in which vapor 

was left behind (168 ml.= v2 ) the number of moles of vapor left 

behind was calculated. 

Rr 



i' he co:nposition of the vapor left behind was J-~nown since it was 

identical to the VQpor taken as the sample (£). The effective 

composition (6
0

) _of the water added then was the averace of the 

composition of the·water added in the co.pillary (Sc) and the vapor 

left fro:n the previous experiment weighted by the number of r:ioles 

of water from each source. 
p4previous sample 
na:--=- # moles added by 

capillary 

fhe results are tabulated in rable V. Fig. 7 is a plot showing the 

change· in S from its initial value to its end value plotted against 

the time of the circulation for each trial. 

Results and Conclusions 

It would be expected that the isotopic composition of the 

vapor circulated over the copper sulfate pentahydrate would eventually 

reach the conposition of the first water to come off the salt (CC 3). 

In the times allowed for the circulation in these experi:nents it 

does not appear that equilibriw~ was reached. In all trials the 

composition of the . vapor removed was closer to the co:nposition of 

CC 3 than w~s the composition of the water added. ~nstead of 

approaching the composition of CC 3 closer with increasing time 

of circulation, CC 8, CC 9, and CC 11 showed the ~opposite trend. 

CC 12 however, ·which had. the longest circulating time of any of the 

trials where light water was added, approached the value of cc -3 

more closely than either CC 9 or CC 11. Except for CC 13 which 

• ended up lighter than CC 3 by 3.47% the trials that started \with 

heavy water sa~:rples approached the value of CC J fairly well. CC 14 

after 100 1/3 hours was only 0.894% different from CC 3. The results 
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of these expe riments i nd icate that it t~kes a long ti Me for the 
\ 

hydro3en isotope fra ctionation betwe en copper sulfate pentahydrate 

and water vapor to equilibrate at room temperature. One hundred 

hours, and possibly less, ruay be sufficient when the vapor 

starts with about 9% more heavy water than the expected value, ~ut 

68 hours is not nearly enoueh when the vapor starts with nearly 

JO% less heavy water. A salt with water held less tightly 

such as sodium sulfate decah:,rdrate might equilibrate faster and be 

a suitable subject for further experiments. 

The experi;nents which involved partially rehydrating anhyc..rous 

copper sulfate show that heavy water is preferentially incorporated 

into the hydrated crystal. The vapor left after the rehydration 

was a good bit lighter than th~ overall composition of the water 

added. In light of the long time indicated previously for isotope 

eQuilioration, the values obtained probably are not equilibrium values. 

The dehydration curve for copper sulfate pentahydrnte shows 

that in general heavy water is preferentially retained in the crystal. 

The jump in the curve between RB 12, RB.: 13, and RB 14 was pro':)ably 

caused by the heating used first on RB 11 to drive off water 

to get the pressure up. The increased temperature would have 

driven off a greater than normal amount of heavy water and the long 

equilibration time for the isotopes prevented equilibrium at room ,... 

temperature from being reached before the sample was taken. rhe 

curve should probably follow close to the dotted line between 

RB 10 and RB 12. ·rhe assumption that the 11.6% of the .water lost 

from the copper sulfate that was completely dehydrated was all lost 



RB 2, RB J, and RB 4 matched up with R3 6 to R3 20 when both sets of 

points were plotted on the same g~~ph (Fig. 3) with RB 6 starting 

at 11.6%. Stable copper sulfate hydrates are the penta, tri, and 

11yd r 2, t es . 4 I'he dip in the mo~.o curve bet<.·rnen Ri3 8, RB 9, and R3 10 

cor:res1)onds to 40% of the oric;inal water being gone or to the co;::i-

position of the trihydrateo. The jog at RB 16 and 17 corresponds 

closely to 80~ of -the water being gone or to the com~osition of the 

monohydrate. The crystal structure of copper sulfate pentahydtate5 1s 

such that each Cu has 4 waters around it in a square and 2 sulfate 

oxygens around it to form an octahedron with the waters. The fifth 

water is bound tetrahedrally to 2 sulfate oxygens and t o 2 other waters. 

·l'his fifth water molecule is held tighter than the others. The 4 

waters around the Cu are in two slightly different environments and 

thus t1•:o are held tighter than the other two. Upon dehydrating, .first 

the t,,:o les.st tightly bound waters arou.nd the Cu come off. The 

lighter water molecules come off preferentially since they need 

~lightly less energy to break the bonds holding them in the crystal 

than do molecules of heavy water. After these first molecules ,, 

of water all come off the cocposition o? the crystals is that of the 

t rih;ydre.te. :Next the other two watea:- molecules around the Cu 

come off, again with the lightest tending to leave first, leaving 

the composition of the monohydrate. Finally the tetrahedrally 

bound water comes off with the addition of more energy~ The greater 

4 Logan, J. Fl],_~. Chem., 36, 1035, 1936. 

5Proc.-1121.. Soc., A 146, 570(1934). 



energy needed to break bo nds holdin~ heavy water tha n lieht 

water tends to concentrate the heavy water into positio~s with 

the stronBest bonds. ?he jumps in the copper s ulfat e dehydra tion 

curve ocdur because heavy water in the less strongly bound 

positions need less energy to co~e off than the light water in 

the more strong ly bound positions. 

The dehydration curve for zi n c sulfate a lso shows heavy 

water to be preferentially retai n ed in the crystals. Stable 

hydrates have been observed for the co~positions of the hepta, 

hexa, pent a, and. mono hydrates. 6,7 Others may also exist. 

fhe br~nsitions between these states do not show up in the 

curve (Fig. 4). as clearly as the transitions did 1n the case 

of copper sulfate. 

In both the copper sulfate and zinc sulfate there is a 

lightening observed in the last water to come out. It is 

known that in clays where water is present as hydroxyl groups 

light water is preferentially retained. 8 Whether the lightening 

observed in the hydrates is due to a similar situation as occurs 

in clays or is due to some other reason is not clear from these 

experir:ients. 

·i'he results of the .· dehyd.ration of the soditun sulfate deca­

hydrate are not particularly meaningful since about 60% of the 
~ - -·- ···- -

writer was not recovered. This was probably lost to the atmosphere 

6Foote, and Scholes, J. Am. Chem. Soc., 33, 1309(1911). 

73onnell and Burridge, ··cra ns. Farad3.y Soc., 31, 473-8(1935). 
8 Dr. Sarauel Epstein, Personal cotirnunication , Pasadena, Calif., 

J:uly, 1967. 



while the sa lt was still in ~he slac k bot t le . ? he plot (Fig. 5) 

wa s ~ade assu~in3 a ll the water was lost before the first s ample 

w::?. S takeYi. The curve does show a slight trend for heavy water 

to be ret8.ined. 

I'-:uch furthe r work can be done in this e;eneral field. f•:any 

other hydr~tes with d ifferent cations and anions and with 

different means of bondins water could be studied. ?or example 

while copper sulfate has wa ters associated directly with either 

the Cu or the sulfate in the crystal~ the water of hydration in 

alums is not associated directly with a c a tion or anion but instead 

occupies a definite spot in the crystal lattice. 9 More work 

could also be done on a method to assure isotope equilibrium 

between vapor and a hydrate. The best way to . .- do · this r.iight be 

to use a circulating system similar to the one used here, and 

to try to find salts that equilibrate more rapidly than copper 
-

sulfate. Higher temperatures could be i nvestigated along with 

this. The work could be further expanded to include oxygen 

isotope fractionation in addition to hydrogen. 

9z. Euc;ene i·ieaver, 11 Hydrates," in HcGr2.w-P.ill Encyclo-oedia 
of Sci?Yice and ·Cec!;nolo~y, Vol. 6, Dallas, p. 524, 1960. 




