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Abstract

The rate of water equilibration in hanging-drop vapor-
diffusion experiments was studied as a function of the
distance separating the hanging drop from the surface of
the reservoir solution. Hanging drops of 1.00M NaCl
were allowed to partially equilibrate with reservoirs
of 2.00M NaCl at room temperature. Over the range
of droplet—reservoir distances examined, 7.6-119.4 mm,
the larger the distance that separated the droplet and
reservoir, the slower the droplet equilibrated with the
reservoir. The variation of the rate of equilibration with
droplet-reservoir distance was non-linear; the rate was
most sensitive to variations in the droplet-reservoir
separation at short separations. A mathematical model
of the equilibration kinetics was developed that fits the
experimental data. The model is based on the assumption
that the rate-limiting step in vapor-diffusion equilibration
is transit of water across the vapor space. A simple
device to vary the rate of water equilibration, and thereby
optimize macromolecular crystal growth conditions, is
described.

1. Introduction

The hanging-drop method is an important tool for macro-
molecular crystal growth (McPherson, 1982; Ducruix &
Giegé, 1992). In the method a droplet containing the
macromolecule and a crystallizing agent is suspended,
by surface tension, over a reservoir containing a de-
hydrating agent. In this closed system equilibration is
effected as water, in the form of vapor, leaves the drop,
traverses the vapor chamber and enters the reservoir.
Concentrations of both the macromolecule and the crys-
tallizing agent increasc as water is removed from the
droplet, leading to nucleation and crystal growth under
favorable circumstances.

The kinetics of water equilibration, that is the rate
at which water leaves the droplet, controls the rate at
which supersaturating conditions develop, and thus can
have a critical effect on the outcome of crystallization
experiments. The principal factors determining the kinet-
ics of equilibration in vapor-diffusion experiments have
been identified by Boistelle & Astier (1988); Fowlis et
al. (1988); Mikol, Rodeau & Giegé (1990); and Sibille,
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Clunie & Baird (1991). These include the temperature,
drop size and shape, and the concentrations of crystal-
lizing agent in the droplet and dehydrating agent in the
reservoir. Fowlis et al. developed a full mathematical
treatment of the hanging-drop experiment while Sibille
et al. developed a similar treatment for vapor diffusion
in a Plaas-Link tube (Plaas-Link & Cornier, 1988).
Both of those treatments assume that the rate-limiting
step in vapor-diffusion equilibration is transit of water
across the vapor space. On the other hand, Mikol et
al. argued that phenomena at air/liquid interfaces, where
the droplet and reservoir solutions meet the common
vapor space, may play a pivotal role in determining the
kinetics of equilibration. Indeed, they presented a few
experiments in which the distance between the droplet
and reservoir surface was varied, and interpreted those
results as suggesting that the droplet-reservoir separation
has “little influence on evaporation rate’. This is a view
that is at variance with the models and assumptions of
Fowlis et al. and Sibille et al., each of which requires

‘a specific dependence of the rate of equilibration on the

droplet-reservoir separation.

Here we present evidence that, over the range from
7.6 to 119.4 mm, the rate of equilibration in a hanging-
drop experiment depends, in a non-linear fashion, upon
the distance separating the droplet and the reservoir. This
is in accord with the principal assumption of Fowlis
et al. and Sibille er al. that the rate-limiting step in
the equilibration is transit across the vapor space. We
will further show that quantitative agrecment between
our experimental results and predictions made using a
modified version of the Sibille ef al. model is very good.
Finally, we will describe a protocol to control the rate
of equilibration in hanging-drop crystallizations, with a
view toward the improvement of crystal quality.

2. Experiments and results

In each of the experiments to be described, a 24 ul
hanging drop of 1.00 M NaCl was allowed to partially
equilibrate with a reservoir containing 2.00M NaCl.
After a specified time the drop was retrieved and ana-
lyzed by refractometry to determine its sodium chloride
concentration. Each experiment was conducted for a
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specific length of timc and at a fixed valuc of the droplet
to reservoir surface distance. The duration and/or the
distance were varied from experiment to experiment.
Two large sets of experiments were undertaken. In the
first set droplet—reservoir scparations ranging from 7.6
to 78.3 mm and equilibration durations from 20 to 121 h
were examined. In the second set, separations ranging
from 88.9 to 119.4 mm and durations of 120 and 168 h
were examined.

Droplet and reservoir solutions were prepared with
sodium chloride from Sigma and distilled, deionized
(Barnstead NANOpure II: > 17.6 M{Qcm) water. Both
stock solutions were prepared in large (liter) volumes
to allow all of the experiments in cach of the sets to
be carried out using the same stocks. Droplets of 1.00 M
NaCl were taken directly from the droplet stock solution.
In particular, droplets were not constituted at the time of
their formation by 1:1 dilution of reservoir stock. Fresh
droplet and reservoir stock solutions were prepared for
each of the two sets of experiments undertaken.

The experimental apparatus is shown in Fig. 1. A stan-
dard laboratory test tube [Pyrex, ~13.6 mm inside diam-
eter (ID), ~15.9 mm outside diameter (OD), ~127 mm
length, ~17.5 ml volume] acted as the reservoir vessel.
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Fig. 1. The experimental arrangement. On the top left and right are
two equilibration setups that differ only with respect to the distance
from the droplet to the reservoir surface. The droplet is deposited
on the adhesive side of clear label tape (bottom). inverted and
sealed over the test tubes employed as reservoir vessels. The washer
keeps the tape taut and makes manipulation of the droplet quite
straightforward. its weight helps to maintain the tape seal. and it
acts as a lever to facilitate the recovery ot the drop.
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Using a steel rule and a simple alignment jig. a scribe
mark for liquid level was placed on the outer wall of
the test tube. The mark was placed a specified distance
down from the top lip of the test tube. Reservoir solution,
2.00 M NaCl, was introduced into the tube and adjusted
dropwise until the meniscus just touched the scribe mark.
Care was taken to prevent droplets of reservoir solution
from adhering to the wall of the test tube above the
scribe mark.

Droplets of 1.00 M were deposited, using a Gilson
Pipetman micropipette set to deliver 24 pl, on the ad-
hesive side of clear plastic label tape (Morris, Kim &
McPherson, 1988; Luft & DeTitta, 1992; Luft, Cody &
DeTitta, 1992) manufactured by Manco Co. The tape
had been affixed to common flat washers (~45 mm OD,
~17mm ID, ~3 mm thickness, ~34 g). The washers
offer firm support for the tape, keeping it taut and
allowing for easy manipulation of the drop. The droplet
was inverted and immediately sealed over the reservoir,
with the tape adhesive making the seal and the weight of
the washer helping to maintain it. The establishment of
the seal marked the beginning of the partial equilibration.
The droplet and reservoir, forming a closed system, were
allowed to equilibrate for a specified time, undisturbed
and at room temperature (vide infra).

Droplets were retrieved by gently prying the tape seal
loose, using the washer as a lever. Once the seal was
breached the tape could be smoothly peeled away from
the rim of the test tube, without fear of losing the droplet.
The droplet was pipetted using a Gilson Pipetman and
transferred immediately to the prism of a Bausch and
Lomb Abbé 3L refractometer where its refractive index
was recorded. Using a two-point interpolation scheme
in which the refractive indices of the 1.00 and 2.00 M
NaCl droplet and reservoirs stock solutions were the
fixed points, the refractive index of a partially equi-
librated droplet was converted into a sodium chloride
concentration.

3. The first experimental set

Eleven groups of test tubes, with eight replicate tubes
per group, were prepared as described, with varying
volumes of reservoir solution surveying 11 values of
the droplet-reservoir separation ranging from 7.6 to
78.3mm. A 12th group, also with eight replicate tubes,
was set up with no reservoir solution in the tubes. This
12th group was designed to examine the integrity of
the tape seals. The 96 reservoir vessels were prepared
well in advance of the start of the equilibrations and
were temporarily scaled with double layers of Parafilm
to prevent evaporation.

Droplets were applied to fresh tape supports on a
schedule of one per minute and sealed over their reser-
voirs. The equilibrating tubes were held in a rack con-
structed out of plywood. The rack was housed in double
thicknesses of styrofoam to reduce thermal variations
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over the course of the equilibrations. When the last
droplet had been sealed over its reservoir the temperature
in the styrofoam box was recorded and the thermal
enclosure was sealed. The first 96 experiments were
permitted to equtilibrate undisturbed for 20 h.

At the end of the equilibration period the thermal
enclosure was opened, the temperature recorded, and the
droplets were retrieved and analyzed by refractometry as
described. The droplets were retrieved in the same order
as they were deposited, making it simple to time the
20 h equilibration for each experiment to the minute. As
each washer was levered and the drop retrieved the test
tube was once again sealed with a fresh double layer of
Parafilm.

The same procedures were then followed for equi-
libration durations of 30, 48, 71, 95, and 121 h. The
six subsets of experiments were conducted over the
period of one month. The mean temperature of the
six equilibrations was 295.9+0.5K. In 74 out of the
total of 963 x 6 =576 experiments the refractive index
measurements indicated that the tape seal had failed. The
failure rate, 12.8%, seemed unexpectedly high given our
good experience in sealing label tape over Linbro plates
(Arakali, Luft & DeTitta, 1995). We noted that ten test
tubes. of the 96, were involved in four or more seal
failures (out of six equilibration durations) and these
tubes accounted for 44 of the 74 failures. Examination of
these tubes indicated that each had a small imperfection
on the rim where the tape made the seal.

The results of the experiments, including the
droplet-reservoir distances, the reservoir volumes.
the duration of the equilibrations and the averaged
concentrations of NaCl in the droplets, are given in
Table 1. The averaged values are for the eight replicates
per group with identical droplet-reservoir distances
and cquilibration duration. Absent from these averaged
values are the results from the 74 experiments involving
tape-seal failures. Once these were removed there were
fewer than eight replicates in some groups, but there
were never fewer than four replicate measurements
in any group. Thus, it is instructive to note the
standard deviations in the averaged NaCl concentrations.
Contributions to the standard deviations include the
variance of the refractive indices for the droplets in a
group and for the calibration measurements using the
1.00 and 2.00M NaCl stock solutions. The standard
deviations range from 0.006 to 0.045M NaCl, but
the majority of standard deviations are in the range
0.01-0.02M or 1-2% of the range of concentrations
expected in the droplets.

There are two ways in which the results of these
experiments can be viewed. In Fig. 2(a) the average
concentration of NaCl in the droplet is shown as a
function of the droplet-reservoir distance, at the six
fixed times of the equilibrations. Clearly there is a
distance dependence. The closer the droplet is to the
reservoir surface, the more fully it has equilibrated
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Table 1. Results of the hanging-drop equilibrations
versus drop-reservoir distance for the first experimental
set

The starting droplet concentration is 1.0 M NaCl and starting volume
is 24 pl. The reservoir concentration is 2.0 M NaCl. All equilibrations
at room temperature 295.9+0.5 K. Each valuc represents an averaged
NaCl concentration (M), where the average is over up to eight
droplets. The standard deviations are of the average concentration and
include contributions from the refractometer calibration as well.
Distances (#) are measured from the tops of the test tubes to the
meniscus of the reservoir solutions. Durations of equilibrium are in h.
Volumes (V,..) of reservoir solutions are in ml.

Duration (h) 20 30 48 71 95 121
([NaCl}dreriety (M NaCl)
h(mm) V. (ml)

1.6 16.5 1.48(1) 1.73(2) 1.92(1) 1.97(1) 2.01(1) 1.99(1)
10.2 16.2 1.44(1) 1.66(2) 1.88(2) 1.97(2) 2.01(1) 1.99(1)
15.2 15.6 1.37(1) 1.59(1) 1.80(1) 1.93 (1) 2.00(1) 1.99(I)
20.3 15.0 1.30(1) 1.49¢2) 1.73(1) 1.87(2) 1.98(1) 1.98(1)
25.4 14.0 1.26(1) 1.43(2) 1.65(1) 1.82(2) 1.95(1) 1.96(1)
38.1 12.4 1.20(1) 1.33(1) 1.51(1) 1.67(3) 1.87(1) 1.91(1)
45.7 1.1 1.18(2) 1.29(1) 1.47(1) 1.59(1) 1.81(2) 1.88(1)
53.3 10.2 1.1S5(1) 1.26(1) 1.41(1) 1.52(2) 1.73(2) 1.81 (1)
61.0 9.2 1.15(1) 1.23(1) 1.37(1) 1.48(2) 1.67(1) 1.76 (1)
71.1 7.4 113(1) 1.20(1) 1.33(1) 1.41(2) 1.59(1) 1.69(2)
78.3 6.4 1.14(1) 1.21(2) 1.32(1) 1.40(3) 1.57(4) 1.67(5)
— 0 1.04 (1) 1.04(2) 1.05(2) 1.03(1) 1.05(1) 1.04 (1)

with the reservoir for any fixed time. In Fig. 2(b) the
average concentration of NaCl in the droplet is shown
as a function of time, at the 11 fixed droplet-reservoir
distances. Also shown in Fig. 2(b) are the results from
the 12th group of equilibrations, in which droplets were
allowed to equilibrate with empty reservoir vessels. As
can be seen, these droplets do lose some water to their
teservoir vessels. The average concentration of these
drops is 1.04 (1) M NaCl. Based on a simple gas law
calculation, we expect that the droplets will lose ~35 g
of water (from their original volume of 24 ul) and should
concentrate to approximately 1.02M NaCl. What we
observe is a loss of water about twice what the gas
law predicts. Most likely not all of the water lost by
the droplets is exchangeable; some is probably bound
tightly by the glass wall of the test tube or the adhesive
side of the label tape. What is important to observe
is that the concentration of NaCl in these droplets is
not time dependent, meaning that the tape scal, when
properly made, does indeed hold, and that there is no
slow leakage of water through the tape over the course
of these experiments.

At the conclusion of the first experimental set. the
reservoir solutions for the 88 vessels containing reservoir
solution were examined by refractometry. Even though
the same reservoir solutions had been employed in six
equilibrations, there was no evidence that the reservoir
concentrations had shifted from 2.00 M NaCl. This is not
surprising given that the minimum volume of reservoir
solution was 6.4 ml. Even if all six of the 24 ul droplets
placed over the reservoirs had fully equilibrated, the
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Fig. 2. Results of the first set of equilibration experiments. at

2959+0.5 K. The droplets are initially 24 pl volume and
1.00 M NaCl. The reservoirs are 2.00 M NaCl. The average
NaCl concentration in the droplet is plotted as a function of
(a) the droplet-reservoir distance at six equilibration durations
(20. 30..... 121 h) and (h) the equilibration duration at 1
droplet-reservoir distances (7.6, 10.2, ... . 78.3 mm). Also shown
in (b) are the results of the equilibration of 24 ul 1.00 M NaCl
hanging drops against empty reservoirs.
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Table 2. Results of the hanging-drop equilibrations
versus droplet-reservoir distance for the second
experimental set

The experimental details are as in Table 1 except that the room
temperature was 297.4£0.5 K. Values in the last two columns are for
the 120h equilibration, first corrected to 121 h to coincide with the
121 h experiment described in the first experimental set, and then
further corrected to the temperature of the first experimental set. See
text for the descriptions of the corrections. The quotation marks
indicate the corrected conditions (duration. temperature).

Duration (k) 120 168 121 1210
Temperature (K)  297.2 297.2 297.2 "295.T
h (mm) V. (ml) (INaClJry (M)
88.9 5.0 1.73(1)  1.91(2) 1.74 1.59
99.1 3.5 1.68 (1) 1.87(D) 1.69 1.55
109.2 2.1 1.64 (2) 1.83 (1) 1.65 1.51
119.4 0.7 1.59(2) 1.78 (1) 1.60 1.47

dilution of the reservoir would be only about one part
in a thousand, well beyond our ability to measure the
change by refractometry.

4. The second experimental set

Four groups of tubes, with six replicate tubes per
group, were prepared as described, with varying
volumes of reservoir solution surveying four values
of the droplet-reservoir separation ranging from 88.9
to 119.4mm. Two equilibration durations, of 120
and 168 h, were examined. All of the procedures for
deposition and harvesting of droplets employed in
the first set of cxperiments were again employed for
the second set. In particular, the initial volume and
concentration of the droplet and the concentration of
the reservoirs were the same. However, the average
temperature in the thermal enclosure was 297.4+0.5K,
about 1.5 K higher than the average temperature for the
first experimental set.

The results of the experiments are given in Table 2.
The averaged values of the NaCl concentration in the
droplets for the four droplet—reservoir separations and
two equilibration durations are over the six replicate
experiments per group. There were no tape seal failures
in these experiments. In Fig. 3 the average concentration
of NaCl in the droplet is shown as a function of
droplet-reservoir separation, at the two fixed times of
equilibration. It is clear that the rate of equilibration is
continuing to decrease with droplet—reservoir distance.

The two sets of experiments arc each internally con-
sistent but amalgamation of the two requires some
first-order corrections. Focusing on the 121 h experiment
from the first set and the 120h experiment from the
second set we first take into account that the first set
was allowed to equilibrate for 1 h longer. Examination of
Fig. 2(b) indicates that for longer droplet-reservoir sep-
arations the equilibration rate is approximately constant
so we may apply a correction of 121/120 to the 120 h
results from the second set to obtain estimates fora 121 h
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equilibration, Table 2. Because the average temperature
of the second set was higher we expect the equilibrations
to have been faster. In both the Fowlis et al. and
Mikol et al. models, the effect of temperaturc enters
principally through the dependence of the equilibration
rate on the vapor pressure of the pure solvent. For
pure water the vapor pressures at 2959 and 2974 K
are 20.69 and 22.65 mm Hg, respectively. As the droplet
equilibration rate is directly proportional to the vapor
pressure, we therefore apply a correction of 20.69/22.65
to the 120 h results from the second set, already corrected
to 121 h equilibration time. The composite graph of av-
erage NaCl concentration in the droplet, at 295.9 K and
121 h equilibration, versus droplet-reservoir separation
over the entire range to ~120 mm is shown in Fig. 4.
The smoothness of the curve through the extrapolated
data from the second set of experiments suggests that
the first-order corrections for duration and temperature
differences are reasonable.

As is clearly shown in Fig. 2(b) the rate of water
equilibration in hanging-drop experiments is not constant
over the course of the equilibration. It is a maximum
at the start of the experiment and it drops to zero at
full equilibration. The instantancous rate of equilibration
at the start of the experiment can be estimated from
the earliest values of the average NaCl concentration.
For the shortest droplet-reservoir distance examined
the instantaneous rate of equilibration is (1.48-1.00) M
NaCl/20 h = +0.024 (M NaCl)h™'. For the longest dis-
tance examined the instantaneous rate of equilibration,
assuming the rate is constant to 121 h, see Fig. 2(b),
is (1.47-1.00) M/121 h = 0.00039 (M NaCl)h "', a factor
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Drop to reservoir distance (mm)
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Fig. 3. Results of the second set of equilibration experiments. at
297.4 £0.5 K. The initial conditions are the same as those for the
first set of experiments. The average sodium chloride concentration
in the droplet is plotted as a function of the droplet-reservoir
distance for two equilibration durations of 120 and 168 h.
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of 6.2 slower, for the particulars of the experiment
described, and corrected to a common temperature of
2959 K.

5. Comparison with theory

Analytical expressions for the time to reach a particular
point in the vapor-diffusion equilibration were devecloped
by Fowlis et al. for the case of a droplet in the shape
of a spherical cap and a concentric reservoir, Fig.
5(a); and by Sibille et al. for the case of a droplet
in the shape of a right circular cylindrical plug and a
similarly shaped reservoir, Fig. 5(b). Our experimental
arrangement, Fig. 5(¢), can be viewed as a hybrid of
the two. The experimental droplet closely resembles
the idealized spherical cap of the Fowlis er al. model
while the experimental reservoir closely resembles the
idealized right circular cylindrical plug of the Sibille er
al. model. We sought to adapt, by minor modifications,
either the Fowlis et al. or the Sibille et al. model to our
experimental results.

The limiting behaviors of the two models in the
case of large droplet-reservoir surface distances dif-
fer substantially. The Fowlis et al. model predicts a
saturation limit; i.e., a droplet-reservoir separation be-
yond which any further increase in the separation has
negligible effect on the rate of water vapor equilibra-
tion. In comparison, the Sibille er al. model predicts
a monotonic dccrease in the equilibration rate with
increasing droplet-reservoir separation, for all values of
that separation, with no saturation limit. In view of the

2.1
2.0 4
1.9 o
1.8

(M)

1.7 o
1.6

1.5 .

1.4 o

[NdCll drop

1.3
1.2 4
1.1 1

1.0 T T —7 T
0 30 60 90 120

Drop to reservoir distance (mm)

Fig. 4. The average concentration of NaCl in the droplet as a function
of the distance from the droplet to the reservoir surface. after 121 h
at 295.9 K. The initial conditions are 24 ul droplets of 1.00 M NaCl
and reservoirs of 2.00 M NaCl. The first 11 points (o) of the graph
are directly from the first set of experiments. The last four points
(o) are from the second set of experiments after correction for the
duration of the equilibration and the temperature ditference between
the two sets. The corrections are described in the text.
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results of our second set of experiments, conducted at
large droplet-reservoir separations, it is clear that the
Sibille et al. model is the appropriate one to adapt to
our data.

In the Sibille er al. formalism the elapsed time, f,
to reach a particular point in the equilibration process
is rclated to the difference, Ay o(f) = ni (1) = njy (1)
betwcen the number of moles of water in the drop
at time f, n‘P’N)(I) and the number of moles of water
in the reservoir at time 1, nj (). The equilibra-
tion chamber is scaled againsi loss of water so
mno(N = nh O+, o= 2;1”,()(0 Ny 1 @ constant
independent of time. Thus, we may write,

Jru()(l‘):”;lh()(f)

g 4 «
= ny,o(0) = 2,6 (1) —n‘”":(). ()

The solute,
the difference -n, and the sum
n e = nd o + 1k, where né o and n{,y arc the
number of moles of salt in drop and reservoir
respectively, are constant; i.e., independent of time.

Vapor-pressure equilibrium is reached asymptotically
as t — x and the equilibrium value of Ay, () ast— x
is given by, )

sodium chloride, is involatile so

7
Anacr = 10

I E{le—\ugo(l‘) = AnLo(x) = Avaci(,o/nxaen).
(2)

The theory is simplified by the introduction of two
dimensionless quantities,

Sio(t) = Auyo()/ Ain,0(0), (3)
and
dH,0() = Ap,0(x)/ Au,0(0), 4)

where Ay,(0) is the initial valuc of Ay4,0(1). Expressed
in terms of these parameters, the time ¢ to rcach a

(@) h) (c)

Fig. 5. ldealized hanging-drop vapor-dittusion models. (a) Fowlis
et al. model assumes that the droplet is a spherical cap and
that the reservoir is concentric with the droplet.
a hemispherical drop the reservoir surface is supposed to be
hemispherical as well. (h) The Sibille er al. model of the Plaas-
Link tube. Both the droplet and the reservoir are supposed 1o be
right circular cylindrical plugs. (¢) Our experimental arrangement.
The geometry of the droplet is well approximated by the Fowlis et
al. droplet, while the geometry of the reservoir is well approximated
by the Sibille et al. reservoir.

In the case of
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particular stage in the equilibration process is given by,

t/T= {[b}:h()(f) = 11/2} + o0 [dn0() = 1]
+ (83 600 = {0l o /[ Ak,0 (O })

X In{[01,0(0) = dn,0(3) /11 = 0y,0(x)]},
(5)

where 7 is a characteristic time given by,

T= RTh[AH3()(0)]1/(4ScffDI{3()P(}Lz()WNuCl nscn)-
(6)

Terms appearing in (6) include: R, the gas law constant;
T, the absolute temperature; h, the distance between
the surface of the reservoir solution and the support
surface for the droplet; Sy, the effective surface area of
the reservoir solution; Dy, the diffusion coefficient of
water in air at temperature 7 and one atmosphere; Py, .,
the vapor pressure of pure water at temperature T; and
Wx.ct. the vapor-pressure lowering coefficient for salt
in aqueous solution. When both drop and reservoir have
cylindrical geometry, S.;=3S, the gcometrical cross-
section of the cylinder. As we will show in the sequel, a
quantitative fit to the time course data in Table 1 results
by letting Sy be a function of h.

While the Sibille et al. model is compactly expressed
in terms of moles of water and salt, all of our
experimental results are in terms of molar concentrations
of salt in aqucous solution. These include the initial
concentrations of salt in the droplet, C%,(0), and
concentrations at times f, C%,(#); the initial volume
of the drops, V¥(0)=24ul; and the concentration and
volume of the reservoir, C{ () and V'(¢), both of
which are to a good approximation time invariant From

tot r
these data nic; = ¢y + N,y and ey -l"\ W1 e
were computed using nf, . = V/(0)/Cl,(0) and

.1 = V(0)/CSc1(0). The volume of the drop at any
time, f, was computed as V(r)=n ¢,/ Crucr(D). The
value of n‘ “10(1) at time t was computed as,

n\ ,(1({)— [V([(t) n\‘](lv\d(d/vnw()s (7)

where Vjj,0=0.018010 liter mol™" is the partlal molar
volume of water and Vxyc = 0.019938 liter mol™' is the
partial molar volume of salt. These partial molar vol-
umes were determined from an analysis of the density
of aqueous sodium chloride (Weast & Lide, 1990) using
the method of apparent molar volumes (Danicls et al.,
1970). The number of moles of water in the reservoir,
ny,,0(0), was computed as,

’1;'2()(0) =[V(0) - nfw;,c]'VNuCI]/VHg()‘ (8)

With the above results n,‘,’:()—nH’()(O)+n” o(0) was
computed using (7) and (8), while AH,()(t) was
computed at times ¢ using (1) and (7). With n‘H‘“(),

AW o0, An,0(0), N and Ayyer thus evaluated terms,
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Ap,o(x), du,0(1) and dp,o(x ) were computed using
(2), (3) and (4). Thus all of the terms on the right-hand
side of (5), at the various values of the time ¢, could
be evaluated.

The characteristic time 7 in (6) was evaluated as
follows. As indicated, & in the original theory is the
distance between the surfaces of the ‘droplet’ and ‘reser-
voir’, each approximated as right circular cylindrical
plugs of liquid. In the experimental arrangement here
the surface to surface distance is ill defined and time
dependent so we adopt the Fowlis et al. definition for
the droplet-reservoir distance. In the case of hemi-
spherical droplets that distance is measured from the
bottom of the meniscus, Fig. 1, to the support for
the droplet. The values for (0.26cm’s™') and P{.,
(0.027721 atm at T=295K) are from Cussler (1984)
and from Weast & Lide (1990), respectively. The va-
por pressure lowering coefficient, Wy, = 1.875, was
evaluated by the method of Fowlis et al. using the
osmotic coefficient data of Clarke & Glew (1985) for
NaCl, and the relationship (Lewis & Randall, 1961)
Pu,o(m) = Py [-2mp(m)/55.51]1 where m is the molal-
ity of NaCl, Py;,o(m) is the vapor pressure of water at a
particular molal concentration of NaCl, and (m) is the
osmotic coefficient.

The only remaining unknown in (6) is S.y, the ef-
fective cross-sectional area of the reservoir. In treating
the Plaas-Link tube geometry, Fig. 5(b), the effective
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(|NaCl] dror
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o 15.2 ° 45.7

Fig. 6. Examples of the fits of the modified Sibille 7 al. model. (5) and
(6). to the data from the first experimental set. Shown are curves fit
through tive of the |1 subsets of data (other fits not shown for the
sake of clarity). Each curve was fit by adjusting a single parameter.
Sert- In the model to account for the difference in the hypothetical
(Fig. 5h) and actual (Fig. 1) geometrical arrangement of droplet and
reservoir. There were six data points available for fitting Sy at each
value of A, the droplet-reservoir separation. These curves should be
compared directly with those in Fig. 2(b).
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cross-section is taken as the geometrical cross-section
of the tube; i.e., the actual cross-section of the right
circular cylindrical drop and reservoir solutions. Here
we treat S,y as a parameter to be fitted, by least squares,
to the observed kinetics data measured in the first set
of experiments. For each fixed value of A, a value of
Serr that best fits (5) to the values of ([NaCI]'™r'*!)for
the six times ¢, spanning 20-121 h, was evaluated. Five
example fits (of the 11 experiments comprising the first
set) are shown in Fig. 6. Note that for each time course
a different value of S, was fitted, but for each set of
six data points only a single variable was adjusted to
pass the curve calculated from (5) and (6) through the
points. The values of S,y for the 11 experiments in the
first set are shown as a function of 4 in Fig. 7. As
h increases the value of S, increases, asymptotically
approaching the geometric cross-section in the limit of
large droplet-reservoir scparation.

6. Discussion

In accord with the principal assumption of Fowlis et al.
and Sibille et al., the rate of equilibration in hanging-
drop crystallization experiments depends upon the dis-
tance from the reservoir to the droplet. From a theoretical
point of view it is important to note that these results are
supportive of the contention that the rate-limiting step in
vapor diffusion is transit of water across the vapor space.
Recent studies by DeTitta & Luft (1995) have shown
that the rate of equilibration in sitting-drop experiments

150
o
—_ 00 =
g
e
s04 ©
0 T T T T T T

0 10 20 30 40 S0 60 70 80

Drop to reservoir distance (mm)

Fig. 7. Graph of the cffective surface arca of the reservoir, Seyy. versus
the droplet—reservoir distance, i The 11 points correspond to the |1
droplet-reservoir separations examined in the first experimental set.
Table 1. The values of Syy are those that best fit the time courses
shown in Figs. 2(h) and 6. In the limit of large droplet-reservoir
separation the effective cross-section approaches the geometric
cross-section, suggesting that the model is appropriate to the experi-
ment and that, at large separations. the shape of the droplet becomes
unimportant with respect to water vapor equilibration kinetics. The
geometric cross-section is 145 mm-,
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is sensitive to the residual pressure of air in the vapor
chamber, which is also in accord with this hypothesis.

With very minor modifications. the model developed
by Sibille et «l. for the Plaas-Link tubc has been adapted
to our experimental protocol with its substantially dif-
ferent geometric arrangement of droplet and reservoir.
The fact that S, in the modified theory approaches the
geometric value of the reservoir cross-sectional area, in
the limit of large droplet—reservoir scparations, suggests
that the Sibille er al. model is an appropriate onc for
this arrangement of droplet, vapor space and reservoir.
It also suggests that the shape of the droplet and its
consequent cffect on the rate of water equilibration,
as described by Fowlis er al., becomes less and less
important as the droplet-reservoir separation increases.
Al separations greater than ~80 mm the shape of the
droplet appears not to affect the kinetics, as the observed
rate of equilibration for our hemispherical droplet is
cqual to the calculated rate of equilibration for a disc-
shaped droplet of cross-sectional arca equal to that of the
reservoir. Based on these observations we suggest that,
for a gcometric arrangement of droplet and reservoir as
shown in Fig. 1, at small values of the droplet-reservoir
separation (such as in Linbro plate cquilibrations) the
mathematical treatment of Fowlis er «l. can be employed:
at large values, the original treatment of Sibille er al. can
be employed; and at intermediate values, such as those
reported here, our modified treatment of Sibille er al.
can be employed.

From the point of view of crystal growth, it is not
the rate of water equilibration per se that is of primary
importance. Rather it is the rate at which supersaturation
of the macromolecule develops that determines the out-
come of the crystal growth experiment. The two rates arc
intimately but not simply related. Referring to the two-
dimensional solubility diagram of Riés-Kautt & Ducruix
(1992), the solubility curve is the locus of points at
which the protein concentration at the solubility limit
is plotted against the crystallizing agent concentration.
Trajectories of conditions within the droplet radiate out
from the origin of the diagram and intersect the solubility
curve at various angles, Fig. 8. For some trajectories a
small change in the rate of water equilibration can lead
to a large change in the rate at which supersaturation
develops. Under these circumstances a variation of the
reservoir volume, intended or otherwise, may lecad to
inconsistent crystallization results.

From the standard deviations given in Tables 1 and
2 it is clear that, when droplets and reservoirs arc cach
identically constituted, each with uniform volumes, with
a fixed distance scparating them, and when allowed to
equilibrate at the samec temperature, ordinary care in
the preparation of the experiments leads to very little
variation in the rate of equilibration. As the ratc of
equilibration in macromolecular crystallization can have
a profound cffect on the quality and sizc of crystals
(Feher & Kam, 1985), any protocol designed to optimize
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crystal growth outcome (Carter & Yin, 1994) should
be highly reproducible. Based on our observations, va-
por diffusion fits that requirement. The equilibrations
cxamined here employed droplets of uniform chemical
composition. We would anticipatc more variability in
our results had we constituted droplets according to the
frequently prescribed recipe of diluting equal volumes
of macromolecular stock solution and reservoir solution.
Additionally, temperaturc variations must be strictly
minimized in order to achicve consistent results.
Finally, it appears that variation of the
droplet-reservoir separation affords the crystal grower
a means to optimize the rates at which supersaturation,
nucleation and crystal growth occur. Like the Z/3
plate technology (Luft er al., 1994; Arakali, Easley,
Luft & DeTitta, 1994) the technique that we describe
above is fully passive; i.e., once set up, it requircs no

[A]

Y

(]

Fig. 8. Schematic relationship between the rate at which water leaves
the droplet and the rate at which supersaturation of the macro-
molecule in the droplet develops. Shown is a two-dimensional
solubility diagram in which the concentrations of macromolecule.
|M]. and crystallizing agent. [C]. form the ordinate and abscissa of
the graph. respectively (Riés-Kautt & Ducruix. 1992). The solubility
curve (hold line) is the locus of points defining the solubility con-
centration of the macromolecule at every value of the erystallizing
agent concentration. Shown are two potential trajectories for vapor-
diftusion crystallizations. Note that both trujectories extrapolate
buack to the origin as they must for vapor-diffusion experiments
involving only one volatile component. The trajectory Al — A4
represents an experiment in which the concentration ot crystallizing
agent is always relatively low, therefore the concentration of macro-
molecule must always be relatively high. The trajectory Bl — B4
represents the opposite strategy. Points Ay and By represent initial
conditions in the droplets. Where the trajectories intersect the
solubility curve, A> and B2, [M] equals the solubility concentration
1M and by definition the supersaturation @ = MM = 1 We
suppose that over the two trajectories [ C)/ Az is approximately
constant. By variation of the droplet-reservoir distance we can
contrive to adjust the rates of water equilibration for the two
experiments to be equal: i.e.. for 3[Cl/A7 to be equal. In unit time
conditions in the droplets evolve from A> to Ay and from B> to
Bi. Note that for trajectory A both A[M] and Ae are large while
for trajectory B both AM] and Ao are small. A small variation
in M C)/ At such as might result from the inadvertent variation of
the reservoir volume. can have a large effect on the rate at which
supersaturation develops in trajectory A, while in trajectory B the
rate of supersaturation might be rather insensitive to such variations.
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further intervention on the part of the crystal grower.
Furthermore, the technique described is very simple to
set up, leads to highly reproducible results, and involves
inexpensive, readily available materials. Additionally
the tape support for the drop and seal for the reservoir
makes manipulation of the droplet very simple. Once
crystals are grown, the washer provides both a lever to
gently break the reservoir seal and a natural protection
for the crystals and droplet. The washer can be sealed
with a second piece of tape on the open side, facilitating
storage and transportation of the droplet containing
crystals. Provided the unit is not vigorously disturbed,
the droplet will not move from its place nor evaporate
through the tape seals.
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