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Abstract—The effect of isothermal and adiabatic evaporation on the state of a water–protein droplet is dis-
cussed. The considered problem relates to the design of various approaches for structural and dynamic experi-
ments with single molecules involving X-ray lasers. The delivery of the sample into the X-ray beam is performed
by a microdroplet injector in these experiments; and the approach time is in the microsecond range. A version
of molecular-dynamics simulation for all-atom modeling of an irreversible isothermal evaporation process is
developed. The parameters of the isothermal evaporation of a water–protein droplet that contains sodium and
chloride ions at concentrations of approximately 0.3 M have been determined in computational experiments for
different temperatures. The in silico experiments showed that the energy of irreversible evaporation at the initial
stages of the process was virtually the same as the specific heat of evaporation for water. An exact analytical solu-
tion of the problem for the kinetics of irreversible adiabatic evaporation has been obtained in the limit of the high
heat conductivity of the droplet (or a droplet size not exceeding ~100 Å). This solution contains parameters that
were derived from simulation of the isothermal evaporation of the droplets. The kinetics of the evaporation and
adiabatic cooling of the droplet were shown to be scalable according to the size of the droplet. Estimation of the
rate of freezing of the water–protein droplet upon adiabatic evaporation in a vacuum chamber revealed the
necessity of using additional procedures for stabilizing the temperature in the droplet nucleus that contains the
protein molecule. Isothermal or quasi-isothermal conditions are more favorable for the investigation of macro-
molecular structural rearrangements that are related to the functioning of the object. However, the effects of
dehydration and a sharp increase in the ionic strength of the aqueous microenvironment of the protein must be
taken into account in this case.
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cules, X-ray free electron lasers (XFEL)
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Novel methods for the investigation of the struc-
tures of biological objects with X-ray free electron
lasers are being rapidly developed [1–4]. The pros-
pects of this approach are widely discussed with regard
to the fundamental possibility of performing structural
experiments with single objects of a protein nature.
Importantly, crystallization is not required for such
experiments and the temporal resolution can amount
to 10 fs. However, sample preparation, the experiment
itself, and the interpretation of the X-ray scattering
pattern in order to obtain structural information are
very complex [5–7]. The following discussion cosiders
the features of the delivery of a macromolecular object
to the X-ray beam only, that is, the possible effects of
evaporation of water from the water-protein micro-
droplets which are transported to the measuring
chamber from a special injector nozzle [3, 5]. The
speed of a sample microdroplet that is released from
the injector is in the range of 5–50 m/s; this yields a

flight time of approximately 3 to 30 ms for an approx-
imately 150-mm distance between the nozzle and the
beam area. The f light time is long enough for dynamic
changes of the protein in  the microdroplet to occur,
especially in case of single-molecule experiments that
require the use of considerably smaller microdroplets
than experiments with nanocrystals. Calculations and
modeling of the possible changes of the state of the
microdroplet at different injection conditions are pre-
sented below and the possible effects that can modify
the experimental design are discussed.

The problem of droplet evaporation has been dis-
cussed for more than a century, since it has multiple
thermodynamic, kinetic, hydrodynamic, and other
aspects [8–12]. The kinetics of water evaporation (as
well as that of the evaporation of other associated liq-
uids) has a some specific features that remain an issue
of active discussion [11, 12]. For example the specific
evaporation rate may vary in the range of three orders
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of magnitude depending on the rather fine details of
the setup of an experiment for water evaporation [12].
The protocol of the all-atom molecular simulations for
the estimation of kinetic parameters of direct irrevers-
ible isothermal evaporation of water from water–pro-
tein droplet that is injected into a measuring chamber
that does not contain water vapors is developed in the
present work. A special design of a computational
experiment that includes a spherical trap around the
evaporating water molecules is constructed for this
purpose. Importantly, direct application of the molec-
ular-dynamics approach to the conditions of adiabatic
evaporation requires considerable modification of
algorithms that are routinely used for microcanonical
NVE- or NPE-ensembles. This is a specific and not
simple problem. Here a different approach is devel-
oped for the case of adiabatic evaporation. Equations
that describe the kinetics of irreversible adiabatic
evaporation of the droplet in case of fast equilibration
of the temperature (gradient elimination) in the drop-
let are formulated in the present paper and an exact
solution is presented. Estimates that are based on the
equation of heat conduction showed that the latter
assumption was true for water droplets that are smaller
than 100 Å. The exact solution of the equation for adi-
abatic evaporation contains parameters that can be
derived from calculations that characterize the
dynamics of isothermal evaporation at different tem-
peratures. These parameters are defined in numerical
experiments on the isothermal evaporation of water–
protein droplets with a mean initial radius of approxi-
mately 35 Å. The solution that is obtained allows scal-
ing of the parameters of the evaporation kinetics for
different droplet sizes. The estimation of the parame-
ters' values which was performed using proposed mod-
els showed that the delivery of single protein mole-
cules, biopolymers, complexes, or other objects by
injection of an aqueous solution into an X-ray beam
for structural and dynamic experiments using XFEL
requires the calculation of temperature, hydration,
and salt concentration effects during the evaporation
of water from the microdroplet for selection of an
appropriate experimental setup in every individual
case. This is especially important for study of  confor-
mational dynamics, which is very sensitive to these
parameters [13].

Let us consider a simple model of a water–protein
droplet that consists of a protein core of radius rp and
an external water layer of radius R. The nature of the
protein core is not very important for further analysis
if the water layer remains thick enough, as in the com-
putational experiments described below. The equation
for irreversible water evaporation from the surface of
the droplet in the environment with zero vapor pres-
sure can obviously be formulated as follows:

 (1)( , ) ( ),dN k T N S N
dt

= −

where N is the number of water molecules in the drop-
let, S is the surface area of the droplet at a given num-
ber of water molecules, and k(T, N) is the rate of evap-
oration from unit surface that depends on the tem-
perature T as specified by the Arrhenius law:

 (2)

The hw value is usually identical to the value of the
enthalpy of vaporization, which depends on the radius
of the droplet. This value coincides with the value of
the heat of evaporation if the radius is large and
decreases due to the excess of surface energy as the
droplet size decreases. The decrease is described by
the Thomson (Kelvin) formula [14]:

 (3)

where σ is the surface tension (~75 dyne/cm for water
[14]) or the surface energy in case of small droplets
[15], and v is the molecular volume (~30 Å3 for water).
The δhw in accodence with (3) and these parameters is
approximately 6.5/R kcal/mol for R expressed in ang-
stroms. The decrease in activation energy is approxi-
mately 0.2 kcal/mol for a droplet radius of approxi-
mately 30 Å. The formal assessment for the minimal
possible radius of a water cluster, which is of the same
order of magnitude as the diameter of the water mole-
cule, gives a value of approximately 2 kcal/mol as a
lower estimate of the decrease of the evaporation
energy, but application of the formula (3) in this case
is hardly justifiable and give the lowest estimate of the
effect only. In this limit the  value of the heat of evap-
oration must be of the same order of magnitude as the
value for hydrogen bond energy in water (~5 kcal/mol
if the concept of hydrogen bond can be applied for the
water cluster of such small size). The changes in evap-
oration energy during the variation of the droplet size
in the range of several layers of water molecules, as
well as the dependence of the heat of evaporation on
the number of water molecules in the droplet, will be
neglected below  and we will consider constant value
hw = 10.8 kcal/mol [14]. This is consistent with the
results of the molecular simulations that are presented
below. The heat of evaporation is weakly dependent on
the temperature [14] if the conditions are not close to
the critical point. The sublimation energy of water
molecules increases approximately by the amount of
the specific heat of fusion for ice (~1.4 kcal/mol) and
gives the value of approximately 12.15 kcal/mol for the
transition from the ice to the gas phase. These effects
will also be neglected during the analitical assessment
and the heat of evaporation hw in formula (2) will be
fixed at the value of ~10.8 kcal/mol in all cases.

The preexponential factor in formula (2) shows a
weak temperature dependence. The theory of the acti-
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vated complex [16] allows for the following represen-
tation of this factor:

 (4)

where δS is the activation entropy for the transition
state of water molecules wich are ready to  evaporation.
Estimates show that this value is approximately three
to four times lower than the total entropy of transition
of a water molecule from liquid to vapor at normal
temperature. The numerical value in the equation (4)
corresponds to T = 310 K and the surface area per
water molecule sw ~ 10 Å2. Formulas (3) and (4) are of
little relevance for further discussion; however, they
are useful for the understanding of the general physical
nature of the phenomenon (see Fig. 2 below).

The model of concentric spheres gives the follow-
ing expression (where v is the volume corresponding
to a single water molecule):

 (5)

Therefore, the decrease of the drop radius during
evaporation is characterized by the equation

 (6)

Let us first consider the isothermal evaporation
that occurs after the injection of a water droplet into
the dry gas phase at a predetermined temperature and
a pressure that is sufficient for efficient energy
exchange between gas phase and  the droplet. As dis-
cussed previously, the evaporation rate constant k is
virtually independent of the droplet radius at a con-
stant temperature and a droplet radius that is much
higher than the diameter of a water molecule; there-
fore the solution can be formulated in the following
simple way:

(7)
where R0 is the initial radius. This solution for isother-
mal evaporation can be easily converted into the num-
ber of molecules by using the equation (5). The rate of
decrease of the droplet radius at T = 310 K and the
heat of vaporization at 10.8 kcal/mol is

 (8)

The activation entropy for vaporization can be
determined by comparing expression (8) and the evap-
oration rate determined in a computational experiment.

The molecular dynamics of the process of evapora-
tion of a water–protein droplet was simulated in order
to increase the accuracy of the model. A water droplet
that included 6259 water molecules and a nucleus that
consisted of a lysozyme molecule (length 125 amino-
acid residues, PDB code 1JUG, and molecular weight
13.992 kDa) was considered. Thirty sodium ions and
36 chlorine ions were added to the aqueous phase. The
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effective concentration of salt in the aqueous phase
was 0.29 M. The initial radius of the droplet was
approximately 35 Å. Simulations were performed with
NAMD 2.9 [17] software package on a Linux cluster
containing 64 processor cores. Trajectories analysis
was performed with VMD 1.9.2 [18] software package.
Data analysis and visualization were performed using
in house Python scripts with Scipy and Matplotlib
[19] libraries. The system was parameterized in the
CHARMM36 force field [20]. Pair non-bonded inter-
actions were treated using the smoothed potential
functions with a cutoff radius of 20 Å. Langevin
dynamics algorithms (that conserve equilibrium dis-
tribution  of energy over all degrees of freedom) and
the Maxwell distribution of atom velocities at a given
temperature were used in the calculation; the step of
integration was 1 fs. The length of the trajectories that
were obtained at different temperatures amounted to
250 ns and the rate of the recording was 1 frame per
10 ps. A special protocol was designed for the simula-
tion of droplet evaporation dynamics. The Cα atom of
leucine 56 was fixed by a soft harmonic potential to
prevent the displacement of the entire droplet. The
selection of the atom to be fixed did not affect the
evaporation process; the considerations that were used
for the final selection of the atom included the prox-
imity to the geometric center of the protein and mini-
mal distortion of the nearly spherical droplet mass
upon the rotation of the entire water–protein system
around the center of mass. Notably, the most com-
monly used molecular dynamics software does not
allow modeling of the movement of molecules over
long distances. However, the water molecules that are
released upon the evaporation of a water droplet in
vacuo are scattered over long distances. The additional
limiting potential that trapped the water molecules in
a 5 Å-wide spherical zone at a distance of at least 100 Å
from the droplet was introduced to enable the model-
ing of the above-described phenomenon. These lim-
itations prevented the water-molecule coordinates
from exceeding the limiting values and did not allow
the return of the water molecules to the droplet. The
effects of the trapping potential were manifested at
distances that exceed the cutoff radius of pairwise
interactions; therefore, this potential did not induce
changes in the overall behavior of the system.

Water evaporation from the water–protein droplet
is illustrated in the graph in Fig. 1. The initial rate of
evaporation was 18.7 molecules/ns. The initial effec-
tive radius of the droplet f luctuated within the 33–
37 Å range. The value of the effective surface area that
was determined by rolling a sphere of the radius of 3 Å
over the averaged aspherical surface was approxi-
mately 24 340 Å2. Comparison of these values yields
the value of the rate of evaporation:

 (9)⋅ 5~ 230 10 Å s,kv
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which corresponds to the entropy of activation δS of
approximately 7.54 cal/(K mol); the total entropy of
evaporation for water is approximately 27 cal/(K mol).
The result of modeling reveals the existence of a transi-
tion zone at the droplet surface. The thickness of this
zone was 5 Å or slightly more than the size of a water
molecule (Fig. 2) and the density in the zone decreased
from the bulk values to zero. This loose ned surface
region apparently makes the contribution to the activa-
tion entropy.

Simulation of droplet evaporation at various tem-
peratures (Fig. 3) leads to the value of activation
energy for evaporation close to 10.76 kcal/mol; this is
very similar to the values for the macrovolume [14]
which was discussed above.

The radius of the droplet can theoretically decrease
to zero within 1.5 μs if the evaporation rate k(T)

remains constant. Near this time  the existence of the
droplet itself appears problematic. The use of larger
droplets may result in increased complexity of inter-
pretation of the scattering pattern of individual protein
molecules due to the increase of the scattering centers
number. On the other hand, complete evaporation of
a droplet with a radius of 70 nm takes approximately 30
μs under these conditions. There is another problem
that is worth mentioning. The increase of the salt con-
centration in the aqueous phase surrounding the pro-
tein molecule is illustrated in Fig. 1. Molecular
dynamics simulations reveal the absence of ion cap-
ture by water molecules upon evaporation. The
increase of the salt concentration to a certain level is
expected to increase the heat of evaporation consider-
ably due to fixation of the water molecules in the sol-
vation shells of the ions. Thus, conservation of the
water phase in the microdroplets at a specific concen-

tration of salt in the solution is theoretically possible.
The dramatic effects of high ionic strength on protein
structure and dynamics are among the disadvantages
of this approach. Injection of the droplets into the gas
phase with a sufficiently high partial pressure of water
vapor may be an alternative, although this approach
has some drawbacks as well. The study [21], which
addressed the molecular dynamics of the effects of the
water and salt environment on lysozyme, is worth
mentioning here.

Fig. 1. The time dependence of the relative amount  of
water molecules that evaporated from water–protein drop-
lets with an average radius of 35 Å (1) and that of the con-
centration of small ions in such droplets (2) in the case of
isothermal evaporation at T = 310 K.
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Fig. 2. The radial density distribution function for a water–
protein droplet relative to the geometric center of the drop-
let at 0 ns (1) and 30 ns (2) from the start of evaporation.
Density f luctuations in the central part of the droplet are
due to movements (rotation) of the entire droplet and the
contribution of the lysozyme molecule to the density.

0

0.00020

0.00015

0.00010

0.0005 1

2

454035302515 20105
Distance from the geometric center, Å

R
ad

ia
l d

en
si

ty
 d

is
tr

ib
ut

io
n

fu
nc

tio
n,

 a
to

m
s/

Å

Fig. 3. The temperature dependence of the initial water
evaporation rates for water-protein droplet with an average
radius of 35 Å. Activation energy (specific heat of vapor-
ization) obtained from linear approximation in the Arrhe-
nius coordinates is 10.76 kcal/mol.

1.4

3.0

2.8

2.6

2.4

2.2

2.0

1.8

1.6

0.00350
  

0.003400.00330
  

0.00320

1/T, K–1

ln
 (E

va
po

ra
tio

n 
ra

te
, m

ol
/n

s)



BIOPHYSICS  Vol. 61  No. 2  2016

THE DYNAMICS OF IRREVERSIBLE EVAPORATION 181

Let us then consider the process of adiabatic evap-
oration of water from microdroplets injected into a
vacuum chamber, since this process is most likely to
occur during an experiment. Water evaporation will
cause cooling of the microdroplets in this case.

Let us first estimate the possible effects of tempera-
ture inhomogeneity in the microdroplet. The thermal
conductivity λ of a (water) droplet is approximately
1.5 · 10–3 cal/(cm s K) [14]. If the linear size L of
the droplet is estimated at 70 Å, the assessment of
the characteristic time τ of the temperature-gradient
equilibration related to a water molecule evaporation
from a droplet leads to the  value of approximately
0.34 · 10–9 s. The estimate is based on the equation of
heat conductivity:

 (10)

where ρ ~ 1 is the density of the droplet and Cw ~
1 cal/(g K) is the specific heat capacity of water [14].
Thus, at the droplet cooling rate dT/dt significantly
lower than δT/τ ~ 10 K/ns (where δT is the acceptable
temperature change of approximately 3 K that does
not have a pronounced effect on the structure and
dynamics of a droplet) one may assume that the state
of the droplet is close to thermal equilibrium and use
thermodynamic estimates for the assessment of droplet
freezing effects upon adiabatic evaporation of water.

The corresponding equation that connects the
cooling rate and the rate of evaporation can be derived
from the following considerations. The change of
microdroplet enthalpy δH due to the evaporation of
δN molecules of water (δN ! N) should be almost
equal to the decrease in enthalpy due to cooling by δT
(δT ! T):

 (11)
where hw(N, T) is the heat of water evaporation (per
mole) from a droplet containing N water molecules at
the temperature T, and NA is Avogadro’s number. The
specific heat of evaporation will be assumed indepen-
dent of the temperature (far from the critical point)
and the number of water molecules (that is, the radius
of the droplet). The heat capacity Cp(N, T) of the
water–protein droplet is a sum of the heat capacities of
the protein molecule and the water shell:

 (12)

Cp(N, T) ~ NCw is the heat capacity of the water–pro-
tein droplet. The water specific heat capacity Cw
decreases by approximately two times upon the transi-
tion through the water freezing point and then
decreases gradually with decreasing T, so that the
value at T = –100°C is approximately 1.5 times lower
than at the freezing point. Cpr ~ 0.3T/300 cal/(g K) is
the heat capacity of the protein (at temperatures
higher than 50 K) [22], and Mpr is the molecular

2
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= +

weight of the protein (approximately 14000 Da for
lysozyme). The state of the water–protein droplet
changes due to water evaporation and temperature
decrease. Further assessments of the kinetics of adia-
batic evaporation in a relatively narrow temperature
range (from 310 to 200 K) will be performed using a
temperature-independent value for the heat capacity
of the droplet. The contribution of the protein mole-
cule to the heat capacity of the droplet will be
neglected, and the efficient radius of the protein mol-
ecule in the expression (5) will be assumed to be much
lower than the radius of the droplet.

Transformation of the equation (11) under the con-
ditions described above gives two expressions that are
useful for the subsequent analysis

 (13)

and

 (14)

where

 (15)

is the ratio of the specific heat of evaporation to the
specific heat capacity, which is a parameter with the
dimension of temperature that characterizes the com-
position of the droplet.

Equation (13) leads to the conclusion of funda-
mental importance concerning the existence of the
highest limit of the decrease of the number of water
molecules in a drop upon adiabatic evaporation:

 (16)

Note that  N ~ R3 and equations (13) and (14) can
be easily formulated in terms of the droplet radius.
These expressions can be used to show that, for exam-
ple, the relative number of water molecules that
remain in a droplet that is cooled to absolute zero from
an initial temperature of 300 K during adiabatic evap-
oration within an infinite time interval will be e–1/2 ~
0.6. The droplet radius will only change by approxi-
mately 15% in this case.

Importantly, equation (6) for the kinetics of evapo-
ration is also correct if the droplet temperature is time
dependent, although the dependence of T on time
should be taken into account in this case and the solu-
tion cannot be expressed in the simple form (7). How-
ever, a solution for evaporation kinetics can be formu-
lated in quadrature in this case. For this, let us con-
sider the relationship between the droplet radius and
the temperature derived from (13)

 (17)
or

w
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 (17a)

Substitution of (17) in eq. (6) and separation of the
variables yields

 (18)

The weak temperature dependence of the pre-expo-
nential factor in k(T) can be neglected; taking into
account (2) we obtain

 (19)

where are dimensionless parameters

 (20)

The integral (19) gives the  precise solution of the
problem of adiabatic evaporation of a droplet for the
assumptions that are listed above. The value of the
droplet temperature at a given time (or radius) is
defined by an obvious expression (with (17) taken into
account):

 (21)

The time dependence of the droplet temperature is
described by an equation that is obtained by substitut-
ing the upper limit value that was obtained from (21)
to the integral (19).

At T ~ T0 (λ ! 1) the second term in the
exponent (20) can be expanded in a power series of λ.
Keeping the linear terms only yields

 (22)

Comparison with (17) leads to the following
expression for the droplet radius:

 (23)

where

 (24)

is the time of isothermal evaporation of the droplet at
the starting temperature derived from (7).

By using  the droplet parameter values that were
applied in the present study (initial radius 35 Å, initial
temperature 310 K) we obtain  the following: a0 ~ 17.42
and b0 ~ 5.8. The time of isothermal evaporation (25)
is close to 1522 ns and shows a linear dependence
on the initial droplet radius, as one can demonstrate
using (9).
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The kinetics of the temperature change in the drop-
let that is under consideration is described by the fol-
lowing integral (with t expressed in ns)

 (25)

At T values close to the initial temperature, one can
use the asymptotic formula (22):

(26)

Let us remember that time is expressed in nanosec-
onds. The initial cooling rate (at 0.0657t ! 1) of a
droplet that contains 6249 water molecules is approx-
imately 1.2 K/ns, so that the emergence of a state sim-
ilar to heat equilibrium can be assumed for such a
droplet according to the estimate that was performed
above (10). The following expression for R can be for-
mulated using (23):

(27)

The formulas also show that the cooling rate of a
droplet that is undergoing adiabatic evaporation is
halved after 15 ns, reduced threefold at 30 ns, and so on.
Notably, these approximations cannot be used for long
time intervals due to the constraints (16) and T > 0.

Graphs that illustrate the solutions of the tempera-
ture, radius, and approximations (26) and (27) are
shown in Fig. 4.

The t values for the transition region that are most
relevant for X-ray laser experiments range from 103 to
104 ns; the estimated temperature of the droplet ranges
from 250 to 230 K. The relative decrease of droplet
radius is only ~5% under these conditions. (Notably,
expression (25) yields a time of approximately 30 bil-
lion years, or longer than the lifetime of the universe,
for cooling to 100 K, whereas the decrease of the drop
size will be close to the extreme value that is derived
from formula (16), or approximately 15%, in this case.
Quantum corrections must be taken into account
when time intervals of the aforementioned duration
are considered).

Equation (23) demonstrates the existence of two
stages of cooling during the adiabatic evaporation of
droplets. The rate of droplet cooling at the initial stage
that lasts for several tens of ns is almost equal to the ini-
tial rate of approximately 1.2 K/ns (see above for the
expressions that were used to determine this value). The
evaporation rate, as well as the rate of droplet cooling,
starts decreasing in the temperature range of 300–280 K
(10–100 ns) and the cooling kinetics assumes a loga-
rithmic character. The difference between the exact for-
mula (25) and the asymptotic expression exceeds 5 K at
times that exceed 1000 ns (Fig. 4).
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The time of isothermal evaporation (24) is the only
parameter that depends on the initial droplet size in
the formula (22). This fact is especially worth men-
tioning. Thus, a tenfold increase of droplet size will
lead to a tenfold increase of the duration of the cooling
process. A similar dependence will be observed in the
case of the relative change in the droplet radius
according to formula (23); however, the characteristic
time of thermal equilibration (10) will increase by a
hundred times. Therefore, one can expect that the
evaporation (cooling) kinetics of large droplets with a
radius that exceeds 10 nm will be more complex due to
rapid freezing of the surface layers. Equations that
describe evaporation and heat conductivity must be
conjugated to find a solution of this problem. A quali-
tative manifestation of this effect will consist in a
smoother character of the dependence of the time
parameter (24) on droplet size in the case of droplets
with larger radii. The hypothetical case of a sharp
increase of the thickness of the hydration shell (by
approximately 1000 times) can also be considered with
regard to stabilization of the temperature of the pro-
tein core of the droplet. The penetration depth of tem-
perature changes that are related to heat conduction
will be close to 2 μm at the f light time of 30 μs, as can
be shown using expression (10). Preparation of
micrometer-size droplets that contain a single protein
molecule per droplet is obviously a complex task.

Thus, cooling of the droplets is the major effect
that is expected to occur upon the injection of micro-
droplets that form at room temperature into a vac-
uum-measuring chamber. The decrease of droplet
temperature during a time interval with a duration of
the order of 10 μs (the time of the transition from the

injector to the measurement zone) is expected to range
from 50 to100 K and the relative loss of water by evap-
oration is expected to be close to 5%. The ionic
strength of the solution that surrounds the protein is
also expected to increase to the same degree. Tem-
perature effects may alter the conformational dynam-
ics parameters of the protein to a considerable extent
and possibly induce changes in the structure of mac-
romolecular complexes. The effects that are consid-
ered in the present study must be taken into account
during the planning of experiments that employ X-ray
free electron lasers in order to characterize the struc-
ture and dynamics of single molecular objects. It is
important to perform detailed calculations of the
changes of the thermodynamic characteristics of the
droplets that occur during the experiment. The devel-
opment of dedicated tools and techniques may be nec-
essary to stabilize these characteristics. The use of iso-
thermal conditions makes the situation more predict-
able, while the requirement for maintaining efficient
heat transfer, as well as the sharp increase in the ionic
strength of the medium upon rapid evaporation of the
droplets, increases the complexity of the experimental
setup in this case. A chamber filled with water vapor at
a saturating pressure can be considered as an alterna-
tive in this case. The results of the calculation of tem-
perature effects are easily predictable if nanodroplets
smaller than 10 nm are used. Adiabatic evaporation of
water from droplets of micrometer and submicrometer
sizes apparently results in the formation of a non-sta-
tionary temperature gradient field around the macro-
molecule; this may lead to poorly characterized struc-
tural and dynamic effects.

Fig. 4. The time dependences of the temperature (a) and the radius (b) of a droplet under investigation during adiabatic evapora-
tion: 1—the exact solution (25), 2—an asymptotic curves (26) and (27), 3—a linear approximation of the asymptotic curves.
Dependence 3 for R(t) corresponds to a linear change in the droplet radius upon isothermal evaporation as well. The 1522 ns point
on the time axis corresponds to the time of the complete evaporation of the droplet in an absolutely dry environment under iso-
thermal conditions.
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