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Experimentally Determined Thermochemical Properties of the Malonic Acid/Water System:
Implications for Atmospheric Aerosols
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The liquid/solid phase diagram, solution heat capacities, water activities, enthalpies of fusion, and eutectic
temperature of the malonic acid/water binary system have been investigated using differential scanning
calorimetry and infrared (IR) spectroscopy of thin films. We report here measurements of the ice melting
envelope, malonic acid dissolution envelope, and the ice/malonic acid eutectic temperature and composition
in this binary system. We also report the first observation of a malonic acid hydrate, posgh®45H,0,

using both thermal analysis and IR spectroscopy. We have observed the formation of this hydrate over a
large range of concentrations and determined that it can be a significant fraction of samples within that region.
We have also determined the enthalpy of fusion of malonic acid, as well as the constant pressure heat capacities
of solutions in the concentration range of 55 wt % malonic acid from 323 K down to the freezing point

of each solution. Water activities have also been determined using the freezing point depression of ice. We
compare our results to those recently reported in the literature for bulk solutions and aerosols.

1. Introduction range and at subambient temperatures using thermal analysis

. . ._and Fourier transform infrared (FTIR) spectroscopy of thin
Recent field measurements have shown that organic materlalﬁlmS ( ) sp Py

may be present in many tropospheric aerosoisin fact,
Murphy et al® reported observations that aerosols in the upper
troposphere may contain more organic material than sulfate.
Studies have shown that the incorporation of organic compounds 2.1. Sample Preparation.Samples were prepared by dis-
into ammonium sulfate aerosols changes their deliquescencesolving 99%t pure ACS reagent-grades4O,4 (formula weight
efflorescence, and hygroscopic properties, and potentially their of 104.06 g/mol) supplied by Aldrich with Culligan purified
crystallization propertie%: This necessitates understanding the Water. The concentrations of all samples were known to within
impact of organic substances on the phase transitions of aqueousg-0.005 wt %.
systems that comprise tropospheric aerosols. Some of the most 2.2. Infrared Spectra. The sample cell used for infrared (IR)
abundant organic compounds found in aerosols are the dicar-spectra has been shown schematically and explained in detail
boxylic acids (oxalic acid, malonic acid, glutaric acid, &t). in previous literaturé! Briefly, a small drop of malonic acid
In this study, we have focused on the thermodynamics of the solution was placed between two AgCl windows, which were
malonic acid/water system. held in the center of an aluminum block by a threaded metal
Some work has been performed in regard to studying the fing. Sample volumes were-2 uL. On each side of the
properties of solid malonic aci'? which is useful in  aluminum block, a Pyrex cell was purged with dry nitrogen
understanding the aqueous system. With respect to the aqueougas- KBr windows were placed on the end of each cell, sealed
system, the temperature dependent solubilities of malonic acidWith O-rings, and held in place by metal clamps. Heat tape was
have been known at concentrations of 50 wt % and higher. Wrapped around the purge cells to prevent condensation on the
These values have recently been confirmed via the study of bulk KBr windows. The sample was cooled by immersing the end
solutions31415with Braban et at® performing the first measure- ~ ©f the aluminum block in liquid nitrogen and warmed by
ments of the ice-melting envelope in this system. Work has also "esistive heaters connected to a temperature controller. Tem-
been done on aerosol deliquescence and efflorescence relativ@erature was measured by a copper/constantan thermocouple
humidities, which leads to determination of water activities in Placed at the edge of the AgCl windows and connected to the
this system, where the aerosol water concentration is directly temperature controller. The temperature of the cell was cali-
measured®1° Heat capacity measurements at 303 K have also Prated using Culligan purified water and high purity organic
been performed for very dilute solutiofsIn the experiments ~ solvents (from Aldrich), including decane, octane, and acetic
described here, we have taken a different experimental approactfhhydride (the melting points of which are 243.5, 216.4, and
than those previously cited. We have undertaken a study of the200.2 K, respectivef). The IR cell temperatures are known,
malonic acid/water phase diagram, enthalpies of fusion, water ©n average, to withint1.8 K of the transition temperatures

activities, and solution heat capacities over a wide concentrationmeasured with the differential scanning calorimeter (DSC).
Spectra were obtained using a spectrometer (Mattson Instru-

* Author to whom correspondence should be addressed. E-mail ad- Ments, model Galaxy 4020 FTIR) with a resolution of 16¢m
dress: Keith_Beyer@wic.edu. Each spectrum was the average of four scans. Before spectra

10.1021/jp0376166 CCC: $27.50 © 2004 American Chemical Society
Published on Web 03/26/2004

2. Experimental Section
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of a sample were taken, a reference scan was obtained from a #°
dry, purged sample cell. Samples were cooled to 220 K at a
rate of 3 K/min and then allowed to warm to or above room
temperature without the use of resistive heating; typically, this s
occurred at a rate of1 K/min.
To obtain a spectrum of solid malonic acid, two methods  *°]
were used. In one case,l g of malonic acid was dissolved in
2.5 mL of methanol and allowed to dry on an AgCl window. A
thin, papery film formed on the window, which was then placed g s
in the FTIR and a spectrum was acquired. In the second method;”
a small amount of malonic acid solid was placed in a Pike
Technologies ZnSe attenuated total reflectance (ATR) accessory, ,,,
and the spectrum was acquired. Both spectra agreed well with
literature reference¥25 250
2.3. Differential Scanning Calorimetry. Thermal data were
obtained with a Mettler-Toledo model DSC 822e calorimeter =, o 2 s 4 s e 7 s s 1w
with liquid nitrogen cooling. Industrial grade nitrogen gas was W% Malonic Acid
used to purge the instrument with a flow rate of 50.0 mL/min. Figure 1. Phase diagram of thes8,04/H0 binary system. Data points
The temperature reproducibility of this instrument is better than from our experiments are as followOJ final melting, €) eutectic
+0.05 K. Our accuracy was estimated to $£6.9 K, with a melting, and £) malonic acid hexahyplrate (MAH) thermal d_ecomposi-
prog?bili.ty of 0.94, based on a three point temperature calibra- m’;ﬁslglge(r-a)t‘g\;eﬂ:tez:‘%r &ﬂﬁzsﬁt&)?é)agggk?”eotwiﬁ(gmjm(ir)
tion*® using indium, high performance. liquid phromatography Braban et at® Solid/liquid equilibrium lines are fits to the data as given
(HPLC) grade water, and anhydrous, high purity (99P6ctane in the text.
from Aldrich, both stored under nitrogen. The sensitivity of our
instrument to thermal signals is high. Previously, we have concentration (in wt %), and thé terms are the respective
calculated our sensitivity to detecting a component undergoing polynomial coefficients. We then utilized these equations to

330

perature (K)

290

a thermal transition to be50 ppm?” calculate both our experimental data and the liter-
2.3.1. Phase Diagram Work. Samples were sealed in a 40ature data. With respect to the ice melting envelope, the para-
uL aluminum pan and typically had a mass ®22 mg. A metrization reproduced our experimental values to withih37

typical sample was cooled to 183 K at 10 K/min, held at 183 K K; the parametrization of Braban et‘alfor the ice melting
for 5 min, warmed to 235 K at a rate of 10 K/min, held at 235 envelope reproduced our data to withir0.50 K. Braban et
K for 5 min, and then finally warmed at a rate of 1 K/min to al.** did not report specific values for their data points in this
298 K. For samples witkr 55 wt % malonic acid, the samples ~ region; instead, they reported parameter values. From their
were warmed to 320 K at a rate of either 1 K/min or 5 K/min, Figure 5, they apparently measured four points on the ice melt-
to allow for the dissolution transition. ing envelope. We interpolated the composition of these points
2.3.2. Heat Capacity Experiments. Samples (volumedf)s from their figure and calculated the temperatures from their para-
were sealed in a 46L aluminum pan, with the sample in contact metrization. Our parametrization reproduced these points to
only with the bottom of the pan (not touching the walls). The within £0.12 K (they did not report the accuracy for their para-
cooling program consistedf @ 2 min isothermal hold at 333 ~ metrization reproducing their own data). Because we have many
K, followed by cooling at 10 K/min to 183 K, and the process Mmore data points (22) for the ice melting envelope, and our para-
was completedypa 2 min isothermal hold at 183 K. The thermal ~metrization reproduces our data and that of Braban ¥tal|
effects of the aluminum pan were removed by subtracting the within experimental error, we recommend using our parametri-
thermogram of an empty 44 aluminum pan from each sample ~ zation to calculate the ice melting envelope in the malonic acid/
and reference thermogram, respectively. We followed the water system. Parameter values are given in Table 2.
method for measurement of heat capacity by DSC given in  For the solid malonic acid/solution equilibrium line, there is
ASTM E 1269-0128 The reference material for this method is a significant amount of literature data to which we can compare
synthetic sapphire, which was supplied by Mettler-Toledo. ~ our parametrization and that of Braban et<ahlthough our
parametrization for this line reproduced our data well (to within
3. Results +1.03 K), its performance in regard to reproducing the literature
data was worse#1.94 K) than the parametrization of Braban
et al1® (£1.05 K). We feel this phenomenon is because there
is a greater uncertainty in our final melting points in this region
because of the small thermal signal that is due to the dissolution
of solid malonic acid in our samples as the temperature is
increased (see Figure 2). The smaller the slope in the thermo-
gram, the greater the uncertainty in the point whegkeld = 0,
whereq is the heat flow and is the sample temperature. This
is the “peak” in the thermogram that corresponds to the final
melting or, in this case, dissolution of the sample. This problem
can be addressed by increasing the heating rates, which, in turn,
increases peak heights. However, we did not perform these
5 experiments here because of the abundance of literature data
T=AX"+AX+A (1) for this transition in the malonic acid/water system, and the need
for slow heating rates to discern the other transitions. Therefore,
whereT is the melting temperature (in KelvinX is the water we recommend using the parametrization of Braban &tfal.

3.1. Phase DiagramThe phase diagram of the malonic acid/
water system is shown in Figure 1. In addition to our data, we
have plotted the bulk solubility and freezing point data from
the literature. Data from our DSC experiments that have been
used to construct the phase diagram are given in Table 1. Our
data are in excellent agreement with the literature work over a
broad range of compositions. We have determined the melting
of 99%+ pure malonic acid, using DSC, to be 407 460.29
K, which is in good agreement with the literature value of 408.75
K.29 We parametrized our data according to second order
polynomial equations of the form
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TABLE 1: Phase Transition Temperatures in the Malonic Acid/Water System? as Determined by Differential Scanning
Calorimetry (DSC)

malonic acid malonic acid hydrate thermal malonic acid/water final melting
concentration (wt %) decomposition temperature (K) eutectic temperature (K) temperature (K)
5.01 256.65 258.82 273.29
9.97 256.71 258.86 272.15
10.04 256.63 258.84 271.37
10.35 256.38 258.59 271.14
14.68 256.68 258.83 270.58
19.72 256.36 258.37 268.93
20.70 256.63 258.43 269.14
24.16 256.62 258.41 267.78
24.45 256.61 258.69 267.85
24.45 256.63 258.77 268.87
24.45 256.57 258.72 267.73
30.18 256.61 265.75
34.54 256.62 263.76
37.69 255.93 261.90
39.48 256.53 262.26
40.00 256.29 261.47
40.00 256.30 261.55
44.72 256.47 260.15
45.94 256.56 259.89
47.11 256.47 259.82
49.84 256.28 260.06
49.87 256.06 263.16
50.32 256.10 264.18
50.56 256.40 266.06
51.00 256.53 266.45
54.29 256.22 258.46 280.76
54.65 256.47 275.18
60.15 256.64 258.74 292.64
64.87 256.40 258.48 303.58
68.59 256.49 258.70 317.43
average 256.44 0.20 258.66+ 0.17

2 The horizontal line in the table separates the ice primary phase region from the malonic acid primary phase region. See text for explanation of
the missing data for the malonic acid/water eutectic between 30.18 and 51.00 wt %.

TABLE 2: Polynomial Coefficients for the eq 1 Fit of Data
for Ice (This Work) and Malonic Acid 1® Ice Melting

Envelopes !
Ay Au Ao
ice —0.0036639 —0.13048 273.15 2
malonic acid 0.0046 211 151.1
the solid malonic acid/solution equilibrium line. The parameter |
3

values from Braban et &b.are given in Table 2.

Finally, to determine the eutectic temperature and composi-
tion, the two equations were solved simultaneously and resulted
in a calculated eutectic composition and temperature of 46.50
wt % and 259.16 K, respectively. The experimentally determined
value of the ice/malonic acid eutectic temperature was concluded
using DSC data of samples whose concentration was severa
weight percent away from the eutectic composition. The reason
for this method is that, as the eutectic composition is approachedFigure 2. Differential scanning calorimetry (DSC) thermograms of
as a function of composition, the mass of sample melting at malonic acid/water samples (exotherms point up): (1) 5.01 wt %
the eutectic increases. Thus, the DSC signal due to this transitionmalonic acid, (2) 30.15 wt % malonic acid, (3) 54.65 wt % malonic
increases substantially. In the malonic acid/water system, thig2¢id: and (4) 68.6 wt % malonic acid. For each thermogram the

bl b h . o\ hat is d following pattern is followed: the first endotherm is MAH thermal
creates a problem, because there Is a transition that Is due 10 Qecomposition; the second endotherm is the dissolution of malonic acid,

hydrate decomposition at 256.7 K (discussed below) that forming a eutectic solution (5.01 and 30.15 wt %), or ice melting to
overlaps with the eutectic signal near the eutectic. Therefore, form a eutectic solution (54.65 and 68.6 wt %); and the final endotherm
we only averaged the eutectic onset temperatures of samples iris melting of ice (5.01 and 30.15 wt %) or slow dissolution of malonic
the malonic acid concentration ranges ofZ5 and 55-79 wt acid into the liquid (54.65 and 68.6 wt_ % very small and spr(_ead over
%. Using this method, the experimentally determined eutectic & Iargte ”t_emtperat?;ﬁ r?”g%') tlnzsa?d?(ntlon, thermogram 4 displays a
temperature is 258.6& 0.17 K, which is in good agreement recrystafiization ot the liquid & ’

(0.50 K) with the calculated value from the fits to the melting/ al.1° determined the eutectic temperature to be 255.7 K, utilizing
dissolution data. Although it does not introduce significant error, their deliquescence temperatures for particles and the ice
one should note that Braban et'alincluded a eutectic  equilibrium vapor pressure. This B K below our measured
temperature of 260 K in their parametrization. Also, Parsons et value and is readily explained by their observed particle

4
T T T T T T T T T T T T T T T T T T T T T T LI s
250 260 270 280 290 300 310 320 K|
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TABLE 3: IR Vibrational Frequencies for Pure Solid Malonic Acid from Two References and Our ATR Experiment, Two
Frozen Samples of Malonic Acid/Water, and Malonic Acid Aerosols Dried to 4% Relative Humidity (from Braban et all9)

IR Vibrational Frequency (cnt)

Pure Solid Malonic Acid Frozen Malonic Acid/Water
ref 25 our ATR 54.7 wt % 51.0 wt % malonic acid

mode> (303 K) ref 23 experiment (298 K) (252 K) (252 K) aerosol
v(C=0) (1) 1720 1724 1695 1714 1735 1249
v(C=0) (Il 1690 1695 1675 1686
0(CHy) 1445 1429 1434 1445 1450 1444
o(OH) 1425 1408 1414 1392
v»(C—-0) 1315 1307 1310 1332 1336
w(CHp) 1225 1217 1215 1234 1228 1229
t(CHy) 1175 1167 1179 1170
y(OH) 900 916 893 909 909
v(C—C) 780 763 767 794
0(C—0-0) 660 651 655 669 664

aBraban et al® assigned these modes to the=G asymmetric and symmetric stretche&raban et al® assigned this mode to the-©H bend.
¢ Braban et at® assigned this mode to the<© stretch.

solid—solid transitions were observed, at 47.3 and 35212R.
This leaves the conclusion that the observed transition is due
to the conversion of a previously unknown malonic acid hydrate
T to either a solid solution of ice/malonic acid or a liquid. While
the latter case appears to always occur in our thermograms, for
4 [C3H404] > 56 wt % recrystallization of the melt was observed.
Thus, it appears the hydrate decomposes thermally to the liquid
rather than undergoing a sotidolid reaction to form a solid
solution of ice and solid malonic acid. In cases where the liquid
2 is particularly unstable ([€H404] > 56 wt %), a recrystallization
occurs, forming the stable solids. An example thermogram for
this case is given in Figure 2.

Our IR spectroscopy experiments also provide evidence for
this new solid. Figure 3 shows several spectra, including pure
1000 s500 00 o0 00 o 0o o solid malonic acid using an ATR accessory, water-ice, and

Wavenumoer am-1 frozen 51.0 wt % malonic acid and frozen 54.7 wt % malonic
Figure 3. Infrared (IR) spectra of malonic acid/water frozen mix-  acid, each at 252 K. The band assignments for solid malonic
e e o 2 St o e Sppat oo 200 have been made by Pigenet catnd Ganguly et n
to other spectra shown); (2‘) ice at 268 K (divided by 2); (3) frozen Table 3, we list the major spectral bangds for solid malon[c acid
54.7 wt % sample at 252 K, showing characteristics of ice and solid OPserved by Ganguly et &,Pouchert? and our work using
malonic acid; and (4) 51.0 wt % sample at 252 K, showing bifurcation an ATR accessory. Also listed in the table are the observed
of the peak at 1700 cm, characteristic of MAH. Peak values are given bands that correspond to those of solid malonic acid from the
for spectrum 4 (MAH) at the top of the figure. Spectra are offset for two frozen samples shown in Figure 3 and those listed by
clarity. Braban et al® for malonic acid aerosols dried to 4% relative

humidity. Both Pigenet et & and Ganguly et &° observed a

deliquescence temperatures below the liquidus line for bulk splitting of the G=0 stretching peak at1700 cnt. Ganguly
solutions. (See discussion on aerosol experiments below.) et al25interpreted the splitting to be due to unequal dimer rings

3.2. Malonic Acid Hydrate. We have observed evidence of in the crystal structure (designated as | and Il in Table 3), and
a new solid in both DSC and IR spectroscopy experiments. We they found that the splitting disappeared at temperatures of 360
observed an exothermic transition in DSC experiments at 256.47K and above, where they discerned a sekdlid phase
+ 0.20 K in all aqueous samples on heating. Figure 2 shows transition from DSC experiments. The spectra of both Pigenet
typical DSC thermograms over a wide concentration range that et al?* and Ganguly et &> demonstrate a narrow splitting (50
displayed this transition. The transition occurs at a temperaturecm ! at 100 K, and 30 cm! at 303 K, respectively). A
below the ice/malonic acid eutectic temperature and, thus, doescomparable splitting is observed in the spectrum of Pou&hert,
not intersect with either the ice melting envelope or the malonic with an even smaller intensity. The splitting of the=O peak
acid dissolution boundary. Therefore, this transition does not is so small as to not be quantifiable in our solid malonic acid
seem to correspond to a eutectic or peritectic transition. Instead,experiments utilizing the ATR accessory. However, Braban et
this transition falls into one of three categories: a sebdlid al.’® observed a very significant bifurcation of the=O peak
phase transition of either malonic acid or ice, a sekdlid in their aerosol spectrum at 4% relative humidity, with a splitting
reaction of a new malonic acid/water solid to form a solid of 63 cni™. Although we did not observe this splitting for pure
solution of ice/malonic acid, or the thermal decomposition of a malonic acid or any of its agueous solutions, we did observe a
new malonic acid/water solid to a liquid that does not recrystal- bifurcation of the G=O peak at temperatures &f257 K for
lize. We are able to rule out the possibility of the observed [C2H4O4] < 52 wt %, as shown in Figure 3, which corresponds
transition being a soligsolid transition. The properties of ice  to the hydrate phase transition temperature observed in our DSC
are well-known and no soligsolid transition has been reported ~ €xperiments.
at this temperature and pressét&he thermodynamic proper- We have performed several analyses on the IR spectra of
ties of solid malonic acid have been studied, and only two frozen malonic acid/water samples to determine if the sample
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Figure 4. IR spectra of various malonic acid samples: (1) solid Figure 5. Evolution of 10.0 wt % malonic acid thin film IR spectra
malonic acid using an ATR accessory (spectrum is multiplied by 10); with temperature. Cooling: (1) 287 K (liquid), (2) 247 K (ice
(2) difference spectra for the frozen 54.7 wt % malonic acid sample in formation), and (3) 233 K (MAH formation). Warming: (4) 256 K
Figure 3, with the ice spectrum subtracted; and (3) difference spectra (MAH just before melting), (5) 260 K (MAH melted, but ice still
for the frozen 51.0 wt % malonic acid sample in Figure 3, with the ice present), and (6) 274 K (ice melted, sample completely liquid). Spectra
spectrum subtracted. Spectra have been offset for clarity. See text forare offset for clarity.

the subtraction method.

by the formation of the hydrate on cooling. During the warming
is simply a mixture of ice and malonic acid or if we can identify ~ cycle, the hydrate then melts at 257 K, followed by the slow
a spectral signature that corresponds to the 256.5 K transitionmemng of ice, with the final melt corresponding to the phase
in the DSC experiments. In Figure 4, we show the results of giagram. In all cases, after the hydrate melts, the sample spectra
spectral subtraction of our ice spectrum from each of the 54.7 \yere always a mixture of aqueous malonic acid and water ice
and 51.0 wt % spectra (Figure 3), as well as our solid malonic that melted at the appropriate temperature (on the left side of
acid spectrum for reference. The spectral subtractions werethe eutectic). We are not able to regulate the thickness of our
performed by increasing the amount of the ice spectrum fjjms precisely; therefore, we cannot determine accurately if the
subtracted until the OH peak at 3000 thhad dropped to the  strength of the hydrate peaks were concentration dependent.
baseline. It is readily seen that the remaining spectral features \ye have tentatively assigned the transition at 256.5 K
in the 54.7 wt % malonic acid sample are very similar to those yetected in both DSC and IR experiments to the thermal
of solid manm_c aC|d._ However, for the 51.0 wt % malonic acid decomposition of malonic acid hexahydratesKi@0s6H0,
sample, the bifurcation at 1700 cfdoes not disappear but MAH). In the DSC experiments, this hydrate is present in all
rather remains as substantial as before subtraction. Comparingnsionic acid/water samples. DSC samples with a malonic acid
the vibrational frequencies in Table 3, the following observations .qncentration of 5651 wt % had the largest energy for this
are made regarding our frozen 51 wt % malonic acid sample: yansition and, thus, have the largest amount of the hydrate

(1) Ganguly et af®> and Pigenet et & demonstrated that  present in the sample. A composition ofHGO4+6H,0 corre-
the splitting of the €O band increases as the temperature sponds to a concentration of 49.05 wt %. A vertical line has
decreases. However, the splitting.in our spectrum is greater forpeen drawn in Figure 2 at this composition.

a sample at 252 K than that of Pigenet et‘at 100 K. 3.3. Content of the Solid Phaseln a simple binary system

(2) The 6(OH) mode is missing completely from our \yhere the only stable solid phases are the pure molecular solids
spectrum, whereas essentially all the remaining major modesthat are mixed to make the system, the amount of sample in
are shifted to higher frequencies than those for solid malonic gach solid in a completely frozen sample can be calculated by
acid. the lever rule. However, when the possibility of a third, stable

(3) We consistently observe the conversion of the( molecular solid is introduced, the lever rule predictions likely
bifurcated peak to a single peak-a257 K when warming our  will not be accurate for the empirical observations, except under
frozen samples with [€4404] < 52 wt %, which corresponds  conditions of complete equilibrium. This is a condition that is
to the transition temperature of the hydrate in the DSC not met either in our experiments or in atmospheric droplets,
experiments. The strong doublet feature at 1700 ‘cmas because of significant supercooling below the equilibrium
present in all of these samples, and we observed very little freezing envelope over a wide range of concentrations. For
variation in the absorption frequencies. However, the bifurcation example, referring to Figure 1, in the concentration range of 0
was not observed at higher concentrations. This is in agreement< [C3H,04] < 49 wt % and forT < 256.5 K, the only stable
with the DSC data that show only a small amount of mass in phases are predicted to be ice and MAH. However, all DSC
the hydrate phase at higher concentrations; thus, we would notsamples in this range displayed signals in the DSC experiments
expect to detect its signature in the IR measurements. corresponding to ice, MAH, and solid malonic acid (where the

(4) In some cases, samples were frozen into a mixture of solid malonic acid did not form from recrystallization of MAH
water ice and malonic acid and the doublet feature appearedon warming). Therefore, other methods must be used to
later on further cooling. Other samples were frozen directly into determine the content of the solid phase from the experimental
the hydrate spectra. data.

As a result of these observations and analyses, we conclude We have quantitatively determined the amount of solid in
that spectrum 4 of Figure 3 represents a unique signature foreach phase for a completely frozen sample using the fusion
the malonic acid hydrate. Figure 5 displays IR spectra that enthalpies of all but one solid present. The fusion enthalpy of
correspond to the warming and cooling run of a 10.0 wt % ice is readily knowr#! however, that of solid malonic acid has
sample. Here, we demonstrate the crystallization of ice, followed not previously been measured. Therefore, we used DSC to
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MHyrate to ice and malonic acid, which is a phenomenon that is not

@ Nlonic Aci observed in other samples (see Figure 2). However, because
the thermal decomposition of MAH is very close in temperature
to the eutectic, any ice that forms immediately melts at the
eutectic.

Utilizing the mass fraction of MAH, an enthalpy of fusion
can be calculated for the thermal decomposition of the hydrate
via a rearrangement of eq 2. An average of all samples that
contained a MAH mass fraction of at least 0.25 (22, with the

~ exception of the 65 and 69 wt % samples, which had interference
| from recrystallization peaks) yielded an enthalpy of fusion of

40 + 13 kJ/mol. The low precision of the calculated value is
due to the overlapping of endothermic melting peaks in the

! ! IENd 65 and 69 wt % samples also show a recrystallization of MAH

WE%h Matoriic Adid thermograms for some samples, which leads to uncertainty in
Figure 6. Content of frozen samples expressed as the mass fraction tNe transition energies.
in each solid phase. Each column along thaxis represents a single 3.4. Heat Capacity.We have measured constant pressure
sample with the concentration given. heat capacities for-555 wt % malonic acid/water solutions from

323 K to the respective freezing point of each solution. Specific
determine the enthalpy of fusion of 99%malonic acid, which heat capacities (in units of K1) are given as a function
we found to be 23.1 1.2 kJ/mol. This value is an average of temperature and solution concentration in Table 4. For
from five trials. Using the enthalpy of fusion of water-ice and reference, we also measured the constant pressure heat capacity
solid malonic acid, we were able to calculate the mass fraction of HPLC grade water that was supplied by Aldrich. On
of each solid in any particular sample; the fraction remaining comparison with literature valu&sn the temperature range of
was assumed to be MAH. This relies on the assumption that 273—315 K, we found our values to be within 1.15% of the
the samples are completely frozen. We were able to determineliterature values. This is better than the 2% accuracy determined
whether samples were completely frozen based on the shape ofising the Mettler-Toledo DSC studying various chemical
the first melting endotherm in the DSC thermogram. In all cases, systems2 The general trend in our data is decreasing heat
we did not observe indications that samples were not completely capacity with decreasing temperature, regardless of concentra-
frozen. The mass fraction of each solid in a sample (for which tion, with the exception of the 35 wt % sample. It is unclear
fusion enthalpies are known) was calculated using the following Why this is the case. We repeated the 35 wt % experiments
equation: several times, with no significant change in the heat capacity

results. For the concentration range of B wt %, the heat

EM; capacity values change significantly with concentration. How-
Vi = e (2 ever, at higher concentrations, the heat capacity values begin
AH; " my to cluster between 3.5 and 4.5 J'd< . For the concentrations

35—55 wt %, the heat capacity values are essentially the same,
wherey; is the mass fraction of speciegwherei represents  jthin experimental error. Heat capacity measurements at 303
water ice or solid malonic acidf; the energy of the transition K have been performed by Kawaizumi e&for [C;H404] <
(as measured by DSQY); the molar mass of solif AH[*® the 0.18 wt %; thus, there is no point of comparison between their
molar enthalpy of fusion of speci@ésandmy the total mass of  data and that presented here. At these low concentrations,
the sample. After the mass fractions of ice and solid malonic Kawaizumi et af° determined that the solution heat capacities
acid were calculated, the remaining mass fraction in each samplewere very similar to that of water.
was assigned to MAH. Figure 6 shows the fraction of each solid  3.5. Water Activities. In a simple binary system, the freezing
present by mass in a frozen sample plotted as a function of point depression can be used to determine solvent activities via
weight percent. Note that, in some cases, there are multiplethe equation
samples of a single concentration.

As expected, ice is the major phase at low concentrations
(5—15 wt %). At concentrations of 2625 wt %, the mass Ti AH,
fraction of ice and MAH are approximately equal, whereas that Ing =— f ﬁ ar
T¢

of solid malonic acid increases, but is the least of the three. For
X " ! 0 X X
malonic acid concentrations of 365 wt %, MAH s the major wherea; is the activity of water aty, AHs is the molar enthalpy
of fusion of ice,R = 8.314 J mot! K~1, T; is the depressed

phase, and, for solutions of 51 wt % malonic acid, MAH is
melting point, andT{ is the melting point of pure water. To a

~90% of the solid by mass. In the 35 wt % malonic acid
range, ice is a very small fraction of the mass (generall$%). _ e ) .
J y (@ 9%) first approximation, the enthalpy of fusion can be considered
constant as a function of temperature over a small temperature

Solid malonic acid represents30% of the mass in the 3€89
wt % range before decreasing to lower values at higher h i simpl
concentrations. We are unclear why the presence of solid "@n9€, and then eq 3 is simply

®3)

malonic acid is enhanced in this small range. At the higher AH
concentrations that we studied (65 and 69 wt %), the amount Ina, = 2l 1 4)
of MAH present decreases whereas the presence of ice and R T T

malonic acid increases. (We did not attempt to study even higher

concentrations in the DSC, because these solutions would haveNe have determined the water activities of our solution®; at
had ever increasing malonic acid dissolution temperatures, whichin the range of the ice melting envelope, 0 wt9C3H404]
would have led to significant evaporation of water from the < 48 wt %. From this, water activity coefficienty4) are
sample, thus creating a solution of unknown concentration.) The calculated usingy = y1X;, with x; being the mole fraction of
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TABLE 4: Constant Pressure Specific Heat Capacity Values for Malonic Acid/Water Solutions as a Function of Temperature
and Concentration

Constant Pressure Specific Heat Capacity (K ?)
temperature, 5.04 9.58 14.92 20.00 24.40 30.16 34.96 39.98 44.40 49.02 55.37

T(K) wt % wt % wt % wt % wt % wt % wt % wt % wt % wt % wt %
323 6.09 5.69 5.09 4.71 4.68 4.25 3.91 4.04 3.87 3.74 3.84
321 6.11 5.71 5.09 4.70 4.68 4.25 3.91 4.04 3.87 3.74 3.85
319 6.11 5.71 5.08 4.69 4.69 4.24 3.90 4.04 3.86 3.73 3.84
317 6.12 5.72 5.08 4.67 4.69 4.24 3.89 4.04 3.86 3.72 3.84
315 6.11 5.71 5.06 4.66 4.68 4.23 3.88 4.05 3.85 3.71 3.83
313 6.10 5.70 5.05 4.65 4.67 4.21 3.86 4.05 3.84 3.69 3.82
311 6.10 5.69 5.04 4.64 4.66 4.20 3.84 4.06 3.82 3.68 3.81
309 6.11 5.69 5.03 4.64 4.66 4.19 3.82 4.08 3.82 3.67 3.80
307 6.11 5.68 5.03 4.62 4.65 4.16 3.81 4.08 3.81 3.66 3.80
305 6.11 5.67 5.02 4.61 4.64 4.15 3.81 4.09 3.80 3.65 3.79
303 6.10 5.67 5.02 4.61 4.64 4.15 3.80 4.09 3.79 3.64 3.78
301 6.10 5.66 5.01 4.60 4.63 4.14 3.79 4.09 3.78 3.63 3.77
299 6.09 5.64 5.01 4.60 4.62 4.14 3.79 4.09 3.77 3.63 3.76
297 6.03 5.57 4.96 4.54 4.56 4.09 3.74 4.04 3.72 3.58 3.71
295 6.02 5.55 4.95 4.53 4.54 4.08 3.73 4.04 3.70 3.57 3.69
293 6.01 5.53 4.94 4.52 4.53 4.08 3.72 4.04 3.69 3.55 3.68
291 6.01 5.52 4.92 4.51 4.52 4.07 3.71 4.04 3.68 3.54 3.67
289 6.02 5.52 4.91 4.50 4.51 4.05 3.70 4.03 3.67 3.53 3.66
287 6.02 5.50 4.89 4.48 4.50 4.04 3.69 4.02 3.66 3.52 3.65
285 6.00 5.50 4.87 4.47 4.49 4.02 3.68 4.01 3.65 3.52 3.64
283 5.98 5.49 4.86 4.46 4.48 4.01 3.67 4.00 3.65 3.52 3.64
281 5.97 5.47 4.85 4.46 4.48 4.01 3.67 3.99 3.64 3.52 3.63
279 5.95 5.48 4.85 4.45 4.48 4.00 3.67 3.99 3.64 3.51 3.63
277 5.95 5.50 4.84 4.45 4.48 4.00 3.66 3.98 3.63 3.51 3.63
275 5.94 5.51 4.83 4.44 4.47 3.99 3.65 3.98 3.64 3.51 3.63
273 5.92 5.49 4.82 4.44 4.47 3.99 3.66 3.98 3.64 3.52 3.63
271 5.91 5.47 4.81 4.43 4.47 3.99 3.65 3.97 3.63 3.52 3.61
269 5.90 5.46 4.81 4.42 4.47 3.99 3.63 3.96 3.62 3.51 3.60
267 5.90 5.45 4.8 4.41 4.46 3.97 3.62 3.95 3.61 3.50 3.59
265 5.89 5.43 4.79 4.40 4.44 3.96 3.60 3.93 3.60 3.49 3.57
263 5.87 5.41 4.77 4.38 4.41 3.93 3.58 3.91 3.58 3.47 3.55
261 5.87 5.39 4.75 4.37 4.39 3.91 3.57 3.89 3.56 3.46 3.53
259 5.86 5.38 4.75 4.37 4.38 3.89 3.55 3.89 3.55 3.45 3.52
257 5.86 5.37 4.74 4.37 4.37 3.89 3.55 3.89 3.54 3.44 3.51
255 5.37 4.36 3.88 3.54 3.89 3.53 3.43 3.50
253 4.35 3.87 3.53 3.88 3.52 3.43 3.50
251 3.86 3.52 3.86 3.51 3.42 3.48
249 3.85 3.51 3.85 3.50 3.41 3.48
247 3.51 3.83 3.50 3.40 3.47
245 3.81 3.49 3.40 3.46
243 3.48 3.39 3.45
241 3.47 3.38 3.44
239 3.37 3.43
237 3.36 3.41
235 3.35 3.40
233 3.34 3.39
231 3.36

water. Within experimental error, the water activity coefficient all of these data sets, the solution is essentially ideabfor

was calculated to be unity &t over the concentration range of  0.88, and, at lower activities,; appears to decrease monotoni-
our experiments. Utilizing the parametrizations of Braban et cally with a;. Wise et al8 also measured water vapor pressures
alX>for bulk solutions of constant relative humidity as a function over bulk solutions at 298 K. However, in their interpretation
of temperature, and values for the solid/liquid equilibrium of the data, theiy; values decrease linearly with water mole
boundary, the activity coefficients & can be calculated for  fractionx, and do not show an approach to ideal conditions at
their experiments. The results are given in Figure 7, along with a; = 0.88. Because the experiments of Wise éfalre similar
values from our experiments and those of Brooks éwalthree 1 the constant temperature bulk measurements of Braban et
temperatures; the figure shows that the data are in excellent, 15 5 Peng et ak8 we do not have an explanation for why
agreement. Braban et #l.also determined solution activities i data would show such a deviation. Close inspection of
as a function of temperature and concentration. We have pIotted,[he data shown in Figure 2a of their paper shows the possibility

7(;]} tf(e):nth(ee:;ti?éa(ggriis\./ill}jé;:(::12>930538i’ Z%I;tlr?gvizsg(rje:tt of interpreting their results more in line with the results of other
P ) f ' experiments: the data could be interpreted as showing that

lower water concentrations;, decreases as the temperature malonic acid solutions are ideal up to a water mole fraction of
increases. Peng et#lused an electrodynamic balance for single — 001 P

particles and vapor pressure measurements of bulk solutions g =
measure water activities as a function of mole fraction of solute  3.6. Comparison with Aerosol Experiments.Many re-

for malonic acid/water samples at 298 K. Both data sets are in searchers have determined the deliquescence and efflorescence
excellent agreement with our data and that of Braban ®tlal. relative humidities of malonic acid/water aerosols using various
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Figure 7. Plot of water activity coefficient as a function of water Figure 8. Plot of literature data for deliquescence relative humidities
activity: (x) determined by freezing point depression (this work)) ( (DRHs) converted to solution concentrations (using the method given
single particle electrodynamic balance experiments at 298 K, from Peng N the text) on the malonic acid/water solid/liquid phase diagram (dashed
et al.16 (#) bulk relative humidity measurements at 298 K, from Peng |In915|5 an extension of the malonic acid liquidus Imeigb)(Br_aban et

et al.26 (O0) calculated bulk relative humidity measurements following &l @erosol flow tube experiments®) Braban etoal_., static mpde

the liquidus line, from Braban et &;(m) values from bulk relative ~ chamber experiments (error bars represethIANt %; see text); 4)
humidity measurements at 293.1 K, from Braban etq(+) relative Prenni et al’y calculated value;£) Peng et al:? and (x) Parsons et
humidity measurements at over bulk solutions, from Brooks et &.; @l (error bars represent3 wt %; see text). Vertical dashedbotted

and the solid line is water vapor pressure measurements over pulkline indicates the concentration at which solutions become ideal
solutions at 298 K, from Wise et &.Dashed line represents an ideal ([CsHsO4] < 44.1 Wt %).

solution 1 = 1). _ _ _

techniques as a function of temperature, including methods that!Clly unstable. Much of the discrepancy in calculated concen-
involve a single particle in an electrodynamic balance (Peng et rations between our analysis and theirs is very likely due to
al19), a differential mobility analyzer (Prenni et H), a flow the uncertainty in their parametrization of their bulk data. They
tube and static mode chamber (Braban éBaknd microscopy ~ State that, for RH> 80%, the model uncertainty #1%. This

of aerosols deposited on a hydrophobic surface (Parson&%t al. €Presents an uncertainty in the concentrationtaf6 wt %;

To compare the results of these studies to the phase diagram&or bars that express this uncertainty are shown for their data
one must know the activity coefficients to determine the mole " Figure 8. At lower relative humidities, the uncertainty is even
fraction or mass fraction of solute from the solution activities 9reater+3% RH (4.6 wt %). Also, Braban et & reported
(deliquescence relative humidities, DRHs). As given in the Many aerosol DRH data points outside the temperature range
previous section, foa; > 0.88 ([GH4O4] > 44.1 wt %), the of their parametrization (274293 K). These uncertainties,
malonic acid/water solutions are essentially ideal ane: x,. ~ coupled with the uncertainties in our parametrization of the
For lower water content, we parametrized the bulk data from activity coefficient data, likely explain the discrepancies between
Braban et al'5 Brooks et al& our work, and the bulk and aerosol  the two analyses. There is also significant uncertainty in the
data of Peng et & for 0.55 < a; < 0.90, which resulted in ~ data of Parsons et #.They reported their uncertainty in the
the equatiory; = 0.407%, + 0.6401. Ata; < 0.55, only Peng DRH measurements to ke2.1% RH &3 wt %), and we have

et all® have measured water activities, andappears to increase ~ Plotted these error bars on their data in Figure 8. However, their
asa; decreases. Therefore, using the aforementioned equationvalues are consistently below the malonic acid liquidus line,
for y1, [CsH404] can be calculated for aerosol experiments using Which could be explained by a systematic error in either the
DRHs. The results are plotted in Figure 8. None of these studiescalculated activity coefficients or the aerosol data. However,
have reported the observation of solid malonic acid inclusions Should the Parsons et #ldata be shifted to lower malonic acid

occurring at the malonic acid/solution equilibrium boundary on Coefficient data, the data of Braban et@ivould also be shifted

the phase diagram. However, the calculated aerosol concentraby this same amount further to the right of the liquidus line,
tions do not consistently fall on this boundary. indicating an error of equal magnitude in that data set. A third
The data of Parsons et®land Peng et df are consistently possible explanation for the differences between the Braban et
below the liquidus line. Prenni et &l.did not observe  al'°and Parsons et &.data is that deliquescence is kinetically
calculate a DRH at 298 K, which also falls below the liquidus Braban et al. (0.£0.2um)3* as compared to those of Parsons
line. Braban et al® plotted their aerosol DRH temperatures and €t al. (2-40um),* could lead to deliquescence at higher relative
Compositions on the phase diagram (Figure 5 in their paper), humidities in the Braban et é??.experiments, eSpeCially for the
calculating the concentration of water ¢BI) in their aerosols ~ short time scales of the flow tube experiments. However, we
from a parametrization of their bulk RH data. The calculation are not aware of experimental evidence that would confirm a
of aerosol concentrations from their DRH values using the kinetic hindrance of deliquescence based on particle size. Our
activity coefficients calculated here does not give the same conclusion is that more accurate activity/activity coefficient
[H,0] values that they calculated. According to our analysis, Mmeasurements and aerosol DRH measurements need to be
their data are scattered about the malonic acid liquidus line for Performed to clarify these uncertainties.
static mode aerosol chamber experiments. For aerosol flow tube We note that Parsons et dldid not see evidence for the
experiments, their data are either at or above the malonic acidMAH at temperatures o256 K; their dry aerosols simply
liquidus line. However, the existence of pre-deliquescent deliquesced to give supercooled solutions. This is not unex-
aerosols to the left of the liquidus line would be thermodynam- pected, because there clearly will be a barrier to nucleation of
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any solid phase. In our DSC experiments, the onset of crystal- malonic acid solutions are essentially ideal for water activities
lization did not occur until temperatures had reached 256 K or greater than 0.88.
lower for [C3H404] < 65 wt %, and near the eutectic composi- Finally, aerosol studies of Braban et'aldemonstrate a
tion, crystallization did not occur until 240 K or lower. We  deliquescence relative humidity (DRH) near the malonic acid
would expect nucleation to occur at lower temperatures in liquidus line; however, aerosol deliquescence reported by
aerosols than we observed in our experiments. Parsons et al? Peng et all® and Prenni et al” consistently
Braban et al> whose lowest observed temperature was 252 occurs at GH,04 concentrations to the right of the malonic acid/
K, did not see evidence for crystallization in their aerosol solution liquidus line. This observation indicates uncertainty
experiments. However, on much longer time scales at low either in the activity/activity coefficient data or in the DRH
temperatures, such as may occur in the free troposphere, thevalues measured from aerosol experiments, or both. More
nucleation of ice, MAH, or malonic acid could occur, depending accurate studies should be undertaken to measure the concentra-
on the concentration of malonic acid in aerosols and other tion and activity of malonic acid solutions as well as malonic
species present. Thus, the phase diagram represents the equ&cid aerosol DRH values.
librium boundaries when applied to atmospheric aerosols, but
it does not determine nucleation probabilities or crystallization ~ Acknowledgment. We are grateful to the following
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