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Predicting and parameterizing the glass transition
temperature of atmospheric organic aerosol
components via molecular dynamics simulations†

Panagiota Siachouli,ab Vlasis G. Mavrantzas *abc and Spyros N. Pandis *ab

Atmospheric aerosols contain thousands of organic compounds that exhibit an array of functionalities,

structures and characteristics. Quantifying the role of these organic aerosols in climate and air quality

requires an understanding of their physical properties. A key property determining their behavior is the

glass transition temperature (Tg). Tg defines the phase state of aerosols, which in turn influences crucial

aerosol processes. Molecular Dynamics (MD) simulations were implemented to predict Tg of a range of

atmospheric organic compounds. The predictions were used to develop a Tg parameterization. The

predictions and the parameterization link Tg with molecular characteristics such as the type and number

of functional groups present in the molecule, its architecture, as well its carbon and oxygen content. The

MD simulations suggest that Tg is sensitive to the functional groups in the organic molecule with the

following order: –COOH 4 –OH 4 –CO. This trend is maintained even when more than one of these

functional groups is present in a molecule. Molecular structure was also found to play a significant role.

Cyclic structures exhibited consistently higher predicted Tg values compared to linear counterparts. Tg, as

expected, increased as the number of carbon atoms increased. The parameterization was evaluated using

a leave-one-out approach, providing insights into the contributions of various molecular features.

1. Introduction

Secondary organic aerosol consists of thousands of complex
organic compounds, most of which remain un-investigated or
even unidentified.1 These organic compounds exhibit an array
of functionalities including alcohols, acids, ketones, etc. and
also often feature a combination of such functional groups.
Quantifying the physicochemical properties of these com-
pounds is a scientifically challenging task. Organic aerosols
(OA) are not always liquid, as was previously assumed;2 instead,
they can also be glassy,2,3 or semi-solid.4,5 Deciphering the
phase state of organic compounds is crucial for gaining insight
into a variety of atmospheric processes. For example, the
presence of a solid or glassy phase state can reduce the rate
of heterogeneous chemical reactions, preclude water uptake,
change the atmospheric lifetime of particles as well as influ-
ence their long-range transport.

The glass transition temperature (Tg) is a key property for the
determination of the ambient aerosol phase state. Over the
years, various definitions of Tg have been suggested, with the
one widely accepted connecting it to viscosity. Specifically, Tg is
defined as the temperature at which the zero shear rate
viscosity reaches the value of 1012 Pa s.6–8 Tg can be determined
by several experimental approaches. However, the discrepancies
in these approaches can be significant.9 Common approaches
for measuring Tg involve monitoring properties such as the
thermal heat capacity over a relevant temperature range and
identifying an abrupt change in the property. However, synthesis
and purification of atmospheric organic compounds remain
highly laborious tasks, which underlines the essential role of
computational approaches for Tg prediction.

Over the years, efforts have been made to predict the glass
transition temperature of atmospheric organic compounds.
These efforts range from semi-empirical equations such as
the Boyer–Kauzmann rule (often referred to also as the Boyer–
Beaman rule),10–12 to Tg parameterizations,13,14 and more
recently, to the use of machine learning algorithms.15,16 Tg is
sensitive to the thermal history of the system under study and
the approach used to analyse the measurements. If these two
factors are unknown, it is difficult to verify and reproduce
results.9,10 Furthermore, the development of Tg parameteriza-
tions and machine learning algorithms requires an extensive
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dataset of Tg values of relevant organic compounds with the
range of functionalities and complex structures encountered in
the atmosphere. However, the compounds which have been
studied experimentally are often limited to small molecules,
such as alcohols, a few carboxylic acids and some hydroxy
acids. The complexity of the atmospheric organic compounds
far exceeds that of these simple compounds, with a lot of the
OA components having multiple different functional groups
and exhibiting intricate structural architectures.17,18 Therefore,
the need for more robust datasets to support predictive
approaches is becoming increasingly apparent.

The first atmospherically relevant Tg parameterization was
developed by Shiraiwa et al. (2017)13 based on the compound’s
molecular weight and O : C. A refinement of the method was
introduced by DeRieux et al. (2018)14 incorporating atomic and
bond contributions, but neglecting structural and functional group
effects. The influence of functional group on Tg has been widely
documented.19–21 Moreover, functional groups have been shown
to significantly affect the viscosity of organic compounds,19,22

a property closely associated with Tg. The structure of a compound
is known to affect Tg.21,23 However, existing efforts do not include
the structure as a feature in the available parameterizations.

In this work, we use molecular dynamics (MD) simulations to
create a dataset of glass transition temperatures of atmospherically
relevant organic compounds and to develop a new parameteriza-
tion of Tg. MD simulations can bypass some of the difficulties
encountered in experimental studies. Simultaneously, they offer
insights at the molecular level, thus they represent a valuable tool
for understanding physicochemical OA properties.21,24–26 MD
simulations have been widely used in polymer science to predict
the Tg of a variety of polymers.27–30 However, similar efforts to
apply MD simulations to investigate the Tg of atmospherically
relevant organic compounds are rare; one of them was reported
recently by our team.21 That preliminary effort is extended here to
include more organic compounds with diverse and multiple
functional groups, and different structural architectures.

The compounds selected for this study were chosen based
on their atmospheric relevance and the availability of experi-
mental data, enabling the comparison of the MD predictions as
well as the evaluation of the predictive performance of the
developed parameterization. Our efforts focus on expanding
our understanding of how functional groups, their interactions,
carbon chain length, molecular architecture, O : C ratio and
molecular weight influence Tg. The Tg parameterization derived
from our atomistic MD simulations can eventually improve the
accuracy of atmospheric model predictions. It aims to fill an
important gap in the existing literature and pave the way for a
deeper understanding of a key physicochemical property of
organic compounds and its role in atmospheric processes.

2. Methodology
2.1 Simulation details

The materials and processes simulations platform (MAPS)31 was
used to build all the organic molecules and initial configurations

for the systems of interest. The systems were composed of 2000
molecules placed in a cubic box, with the initial box size estimated
according to the density of each organic species at ambient
temperature and pressure. The latest version of all-atom OPLS
(optimized potentials for liquid simulations) force field was
implemented (OPLS/2020).32,33 The LigParGen platform34,35 was
used as a generator of ‘‘personalized’’ atomic charges for each
compound under study. The systems were subjected to potential
energy minimization to avoid atom overlaps present in the initial
configuration. Following this, the systems were equilibrated at a
relatively high temperature, well above each compound’s melting
point. Equilibration was confirmed by monitoring changes in
density and the time autocorrelation function of the unit end-to-
end distance vector for each compound. All simulations were
performed with periodic boundary conditions applied in all
spatial dimensions. The isothermal–isobaric (NpT) statistical
ensemble was implemented, utilizing the Nosé–Hoover thermo-
stat–barostat36 for pressure and temperature control and the
velocity-Verlet algorithm37 for the integration of the microscopic
equations of motion with a 1 fs timestep. The simulations were
conducted using the open-source large-scale atomic/molecular
massively parallel simulator (LAMMPS).38

A common approach for determining Tg is to monitor
volumetric, mechanical and structural properties during cooling
simulations.39–41 We selected a temperature range based on each
compound’s melting point to perform stepwise cooling simula-
tions. Each simulation step lasted 2 ns at each temperature,
followed by stepwise reduction of 20 K before the next simula-
tion step. The properties monitored were the density and the
energy due to non-bonded interactions. Only the final nanose-
cond was used in post-processing. The properties of interest
were analysed as a function of temperature to identify any abrupt
changes in slope, and a bilinear fit was used to identify Tg.
To ensure the reproducibility of our results, we conducted each
simulation three times, starting from different initial configura-
tions. The Tg determination protocol used in this work is
detailed in Siachouli et al. (2024).21

2.2 Systems examined

The examined organic compounds had different architecture
(linear/non-linear), length of carbon chain and type, number and
co-existence of functional groups present. In the group of linearly
structured compounds we extended our previous study21 by
considering alcohols and carboxylic acids with a longer carbon
chain length. Specifically, we examined linear alcohols with nine
carbon atoms in their main backbone, including 1-nonanol
(1 hydroxyl group), 1,2-nonanediol (2 hydroxyl groups), and
1,2,9-nonanetriol (3 hydroxyl groups). We then investigated linear
alcohols with twelve carbon atoms in the backbone, namely
1-dodecanol (1 hydroxyl group) and 1,2-dodecanediol (2 hydroxyl
groups). Similarly, we examined carboxylic acids with nine carbon
atoms in the backbone, including nonanoic acid (1 carboxyl
group) and azelaic acid (2 carboxyl groups). For the case of the
twelve-carbon atom chain length, we examined dodecanoic
(1 carboxyl group) and dodecanedioic acid (2 carboxyl groups).
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Cyclic compounds were selected based on the same reason-
ing for alcohols and carboxylic acids. The groups of cyclo-
alcohols investigated had six and nine carbon atom rings. For
the six-carbon ring case, we examined cyclohexanol (1 hydroxyl
group), 1,2-cyclohexanediol (2 hydroxyl groups) and 1,2,3-
cyclohexanetriol (3 hydroxyl groups). For the nine-carbon ring
compounds, we investigated only cyclononanol (1 hydroxyl
group) due to the lack of available experimental melting points
for other compounds in this category. In addition to the
compounds already examined in our previous work, we also
considered two monocarboxylic acids with ring-like structures:
cyclopentanecarboxylic acid and cycloheptanecarboxylic acid.

Linear and cyclic compounds with carbonyl functional
groups were included in the study. For ketones, the investigation
focused on linear compounds such as 2-propanone (1 carbonyl
group – 3 carbon atoms), 2-hexanone (1 carbonyl group – 6 carbon
atoms) and 2-nonanone (1 carbonyl group – 9 carbon atoms). The
corresponding cyclic ketones studied were cyclopropanone (1 car-
bonyl group – 3 carbon atoms), cyclohexanone (1 carbonyl group –
6 carbon atoms) and cyclononanone (1 carbonyl group – 9 carbon
atoms). The case of diacetyl (2 carbonyl groups – 4 carbon atoms)
was also investigated. For aldehydes, propanal (1 carbonyl group – 3
carbon atoms), hexanal (1 carbonyl group – 6 carbon atoms) and
nonanal (1 carbonyl group – 9 carbon atoms) were studied.

Finally, we examined compounds containing multiple func-
tional groups, combining the carboxyl, hydroxyl and carbonyl
groups already considered. For hydroxyl/carboxyl groups we
considered lactic acid (1 hydroxyl, 1 carboxyl and 3 carbon
atoms) and tartronic acid (1 hydroxyl, 2 carboxyl and 3 carbon
atoms). For the hydroxyl/carbonyl group combination, we con-
sidered hydroxy acetone (1 hydroxyl, 1 carbonyl and 3 carbon
atoms) and dihydroxy acetone (2 hydroxyl groups, 1 carbonyl
group and 3 carbon atoms). Lastly, the combination of car-
boxyl/carbonyl groups was considered by investigating linear
compounds with an increasing carbon chain length, namely,
pyruvic acid (1 carboxyl, 1 carbonyl and 3 carbon atoms), 5-
oxohexanoic acid (1 carboxyl, 1 carbonyl and 6 carbon atoms)
and 6-oxononanoic acid (1 carboxyl, 1 carbonyl and 9 carbon
atoms). The same compounds with the addition of one carboxyl
group to their structure were also considered, i.e., oxomalonic
acid (2 carboxyl, 1 carbonyl and 3 carbon atoms) and 2-
oxoadipic acid (2 carboxyl, 1 carbonyl and 6 carbon atoms).
The study of multifunctional organic compounds aims to
develop an understanding of the combined effect of the coex-
istence of multiple functional groups and their interactions.

2.3 Tg parameterization

The Tg parameterization developed in this work aims to link the
structure of an organic compound to its glass transition tempera-
ture. A property of interest for a given compound can be predicted
based on contributions of its structural fragments, which can be
systematically determined.42 This approach is commonly known
as the group contribution (GC) method and has been widely used
to predict properties of organic compounds such as viscosity,43–45

boiling point,19,46 liquid vapor pressure and enthalpy of
vaporization.47 We developed a parameterization for predicting

Tg based on contributions of carbon atoms, oxygen atoms, func-
tional groups and molecular structure. The proposed parameter-
ization is formulated as follows:

Tg = A + ncCc + noCo + nfuncCfunc + narchCarch (1)

where nc, no, and nfunc denote the number of carbon atoms,
oxygen atoms and functional groups, respectively, while narch

takes the value of 0 if the compound is linear and the value
of 1 if the compound has a cyclic structure. Cc, Co, Cfunc and
Carch are the specific contributions of carbon atoms, oxygen
atoms, functional groups and structure to Tg. The use of
atomic, bond, group and structural contributions ensures that
our parameterization takes into account sufficient information
about the compound of interest. Furthermore, by incorporating
these contributions the molecular weight and oxygen to carbon
(O : C) ratio are indirectly included. The influence of both
parameters has been examined in past studies.13,14,48

3. Results
3.1 Insights from the MD simulations

3.1.1 Linear compounds
Ketones/aldehydes. The Tg of aldehydes increases as their

carbon chain length increases (Fig. 1). Furthermore, aldehydes
have consistently lower predicted Tg values compared to the
corresponding ketones. Aldehydes, due to the presence of a
hydrogen atom attached to the carbonyl functional group, tend
to have lower steric hindrance compared to ketones, thereby
allowing for more flexibility. Additionally, the lack of that
hydrogen in the carbonyl group of ketones could possibly allow
them to form more tight molecular packing compared to alde-
hydes which ultimately could contribute to a higher Tg. More-
over, the case of the di-ketone (diacetyl) shows that the existence
of a second carbonyl group can lead to higher predicted Tg even
for small molecules that contain only four carbon atoms.

Alcohols. Addition of carbon atoms along the main backbone
increases the Tg of alcohols (Fig. 2). The increasing trend of Tg

with carbon chain length is smooth for mono-hydroxyl com-
pounds. The addition of a second hydroxyl group results in an
increase in Tg, but with a non-linear dependence of Tg on the
number of carbon atoms. Interestingly, there appears to be a
plateau in the predicted Tg for diols and triols after six carbons.
The compounds containing three hydroxyl groups consistently

Fig. 1 Tg of ketones and aldehydes as a function of the number of carbon
atoms present in the molecule, from the MD-based density predictions: (a)
linear compounds and (b) cyclic compounds.
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show a higher predicted Tg compared to compounds of the
same carbon chain length but with fewer hydroxyl groups.
Overall, the primary factor driving the increase in Tg is the
presence of additional hydroxyl groups. While a longer carbon
chain further increases Tg, this effect seems to saturate at long
enough chains, suggesting that there may be a limit to the
impact of carbon chain length on Tg for alcohols.

Carboxylic acids. The mono-carboxylic acids show a steady
increase in Tg that – similarly to the case of alcohols – reaches a
plateau for longer carbon chains (Fig. 3). The smaller mono-
carboxylic acid (propionic acid) has a Tg of approximately 160 K
whereas dodecanoic acid has a Tg of 200 K, indicating a moderate
increase with the addition of carbon atoms. Di-carboxylic acids
exhibit a significantly higher Tg compared to mono-carboxylic
acids, indicating the impact of the addition of a carboxyl group.
The smallest investigated di-carboxylic acid (malonic acid) has a
predicted Tg equal to 275.3 K and dodecanedioic acid a predicted
Tg of 316.3 K. The addition of carbon atoms above the sixth does
not lead to a significant increase in Tg. Finally, the tri-carboxylic
acids have the highest predicted Tg, further highlighting the
importance of the number of functional groups compared to
the addition of carbon atoms.

Overall, Tg seems to be primarily sensitive to the type and
number of functional groups and secondarily to the length
of the carbon chain. Carbonyls consistently lead to lower
predicted Tg than hydroxyls, regardless of the size of the carbon
chain length. Furthermore, the addition of carboxyl groups has
a higher impact on Tg compared to the addition of hydroxyl
groups. The sensitivity trend (–COOH) 4 (–OH) 4 (–CQO) can
be attributed to the enhanced ability of carboxyl groups to form
hydrogen bonds compared to hydroxyls, and of hydroxyls

compared to carbonyls. Carboxyl groups, with both a hydroxyl
and a carbonyl, form stronger hydrogen bonding networks,
resulting in a more significant impact on Tg. Hydroxyl groups,
while capable of hydrogen bonding, form weaker networks
compared to carboxyls. Carbonyl groups, with their lower
hydrogen bonding potential, seem to have the least influence
on Tg compared to the other two functional groups.

3.1.2 The effect of molecular structure/architecture
Ketones/aldehydes. The compounds considered in this section

are divided into two groups, linear ketones and cyclic ketones. In
both groups, Tg increases with the addition of carbon atoms. The
range of Tg values for linear ketones increases from approximately
110 K for 2-propanone up to almost 180 K for 2-nonanone. Cyclic
ketones have a higher predicted Tg than their linear counterparts.
Their Tg is characterized by a more stable, increasing trend, while
linear ketones exhibit a steeper increase in their Tg with the
addition of carbon atoms (Fig. 1). Although linear ketones show a
steeper increase in Tg, cyclic ketones have consistently higher
predicted Tg values. This can be attributed to the fact that linear
ketones have more conformational flexibility due to their open-
chain structure compared to the rigid ring-like structure of cyclic
ketones. The rigid ring structure can also facilitate close-packing
and intermolecular interactions that enhance the hydrogen bond-
ing potential for cyclic ketones compared to linear ones.

Alcohols. Similarly to ketones and cycloketones, alcohols
with a cyclic structure have a higher predicted Tg than their
linear counterparts with the same number of hydroxyl groups
and carbon atoms. Again, the rigid ring-like structure enables a
closer packing and an enhanced hydrogen bond network which,
combined, can lead to higher Tg. For both groups, the number of
hydroxyl groups plays a dominant role in determining Tg, with
more hydroxyl groups leading to higher Tg. Regarding the long-
est chains (those with nine carbon atoms), both linear and cyclic
alcohols seem to converge toward similar Tg values, indicating
that at higher chain lengths, the influence of hydroxyl groups
dominates Tg.

Carboxylic acids. Based on their structure, the investigated
carboxylic acids can be divided into linear and cyclic. The linear
mono-carboxylic acids exhibit the lower predicted Tg (Fig. 3).
Comparing hexanoic acid (a linear mono-carboxylic acid) to its
cyclic counterpart (cyclopentanecarboxylic acid) reveals a sig-
nificant difference in Tg of approximately 30 K. The trend is
similarly seen in the case of linear/cyclic di-carboxylic acids,
with cyclic structures having consistently higher Tg.

The structural influence on Tg is particularly pronounced for
the case of carboxylic acids. Unlike carbonyl or hydroxyl com-
pounds where structural differences between linear and cyclic
forms have a notable but nevertheless small effect, the carboxyl
group influences significantly the compound’s Tg when consider-
ing cyclic structures. This observation emphasizes the pronounced
sensitivity of the carboxyls to changes in molecular conformation.

3.1.3 Multifunctional organic compounds
Co-existence of carbonyl and carboxyl functional groups. The

compounds containing one carbonyl and one carboxyl group

Fig. 2 Tg of alcohols as a function of the number of carbon atoms present
in the molecule, from the MD-based density predictions: (a) linear com-
pounds and (b) cyclic compounds.

Fig. 3 Tg of carboxylic acids as a function of the number of carbon atoms
present in the molecule, from the MD-based density predictions: (a) linear
compounds and (b) cyclic compounds.
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have a slightly higher predicted Tg compared to mono-carboxylic
acids (Fig. 4). The difference in Tg remains more or less constant
regardless of the carbon chain length, suggesting that carbonyls
have a slight and yet consistent contribution to that of the
carboxyl group. The difference between the di-carboxylic acids
and their corresponding compounds with an extra carbonyl
group is similar to that seen in mono-carboxylic acids and
compounds containing one carbonyl and one carboxyl group.
The overall increase of the Tg by the addition of a carbonyl group
in a compound with an existing carboxylic acid is small. The tri-
carboxylic acids remain the compounds with the higher pre-
dicted Tg regardless of the carbon chain length.

Co-existence of carbonyl–hydroxyl and carboxyl–hydroxyl
functional groups. Hydroxyacetone is predicted to have a Tg

similar to that of 1,2-propanediol, showing that the addition
of a carbonyl group in an alcohol can lead to a significant
increase in Tg. However, di-hydroxyacetone exhibits a lower Tg

than 1,2,3-propanetriol, indicating that the effect of additional
hydroxyl groups is more impactful than that of carbonyls. This
supports the conclusion that carbonyls contribute less than
hydroxyls to the increase of Tg.

Lactic acid contains one hydroxyl and one carboxyl group;
however, it has a slightly higher predicted Tg compared to 1,2,3-
propanetriol (Fig. 5). This observation suggests that the combi-
nation of a hydroxyl and a carboxyl group may yield a synergis-
tic effect that elevates Tg. Furthermore, tartronic acid, with its
two carboxyl groups, exhibits the highest predicted Tg. The
addition of a second carboxyl group appears to lead to sig-
nificant structural changes that can possibly enhance intermo-
lecular interactions which in turn cause an increase in the Tg.

These findings emphasize the importance of functional
group interactions in determining Tg. The trends that have
been observed in compounds comprised solely of carbonyls,
hydroxyls and carboxyls remain similar in the multifunctional
compounds.

3.1.4 The effect of molecular weight and oxygen to carbon
ratio. Molecular weight (M) is a parameter commonly associated
with the glass transition temperature and widely used as a Tg

predictive indicator. An increase of molecular weight of an organic
compound can be achieved by either increasing its carbon atoms
and/or by adding oxygen atoms. Our predicted Tg values are
positively correlated (R2 E 0.46) with molecular weight (Fig. 6).
Compounds with higher molecular weight are generally larger
and tend to have extensive intramolecular interactions that hinder
their mobility, compared to low molecular weight compounds,
thereby leading to higher Tg values. The correlation between
higher Tg and higher molecular weight is encountered for all
classes of compounds and is more prominent in those containing
one type of functional group (Fig. S1–S4, ESI†).

We have analyzed our results to detect whether correlations
between Tg and molecular mass M proposed in the literature for

Fig. 4 Tg predictions for multifunctional organic compounds containing
carboxyl and carbonyl groups, as a function of the number of carbon
atoms along the main carbon chain. Compounds with only carboxyl
groups are also included for comparison.

Fig. 5 Tg predictions of multifunctional organic compounds containing
hydroxyl–carbonyl groups and hydroxyl–carboxyl, as a function of the
number of functional groups. Compounds with only hydroxyl groups are
also included for comparison.

Fig. 6 MD-predicted Tg as a function of the molecular weight for all the
compounds considered in this study.
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molecular (non-polymeric) and polymeric glass formers49 apply
also to the small organic compounds studied here. Namely,
Novikov and Rössler (2013)49 proposed a correlation between Tg

and molecular mass M of the form Tg p Ma, with a = 0.51 �
0.02 for molecular and short-chain length (i.e., low molecular
weight) polymers (also called oligomers). Novikov and Rössler
have also found that subclasses of molecular glasses with
homologous chemical structure exhibit a similar universal
correlation but with significantly lower scatter. Motivated by
this study, we considered the entire dataset as well as sub-
categories based on the type of functional group (Fig. S5–S9,
ESI†) and analyzed the dependence of the MD-predicted Tg

values with M. The alcohols and carboxylic acids were found to
agree well with the correlation proposed by Novikov and
Rössler for a = 0.50 and a = 0.51, respectively. For carbonyls
and multifunctional compounds, on the other hand, the best
correlation was found for a = 0.42 and a = 0.43, respectively. If
one considers the entire dataset, then the best correlation
requires a = 0.62 indicating a stronger dependence of the glass
transition temperature on molecular weight across the dataset.
Interestingly the multifunctional compounds exhibit a lower
value of a, suggesting a more complex interplay between molar
mass and glass transition temperature when multiple func-
tional groups coexist in the molecule.

The oxygen to carbon ratio (O : C) is another parameter
commonly used as an indicator of Tg. The O : C ratio indicates
the degree of oxygenation of a compound, and a higher O : C
ratio tends to lead to a higher Tg. In our study (Fig. 7) the
correlation between O : C ratio and Tg is weak (R2 E 0.18).
While Tg generally increases with an increasing O : C ratio
(Fig. 7), there are several instances where compounds with a
high O : C ratio exhibit a lower Tg compared to others with lower
O : C. A characteristic example is malonic acid (O : C E 1.33,
Tg = 275.3 K) compared to tricarballylic acid (O : C E 0.75, Tg =
338.7 K). A detailed analysis of the O : C ratio for each com-
pound category can be found in Section S2 of the ESI.†

3.2 Evaluation of the parameterization

3.2.1 Comparison of parameterization with MD predic-
tions. The parameterization developed was trained based on
the results of the MD simulations.

Most parameterization predictions are within 10% of the MD
values, with only a few of them exceeding this range (Fig. 8).
Compounds exceeding the 10% include 1-propanol, 1,2-hexa-
nediol, cyclohexanediol, tricarballylic acid, 2,2-dimethylsuccinic
acid, diacetyl and pinonaldehyde. Therefore, the proposed Tg para-
meterization generalizes the results obtained from the MD simula-
tions. Moreover, it could be used to extend the results of the MD
simulations to a broader range of compounds within the interval of
those included in the training dataset.

Robustness of the parameterization and limitations. The
robustness of the Tg parameterization was evaluated using a
leave-one-out approach, where each compound was removed
and then the contributions were re-evaluated. The procedure
was repeated for the removal of all the compounds considered
in the dataset. Deviations of each parameter’s contribution
(e.g., carbons, carboxyls, hydroxyls, etc.) were monitored using
a tolerance threshold of 5% from the contribution value
extracted upon the training of the parameterization with the
full dataset. The tolerance threshold was implemented to point
out which compounds stand out and drive the contributions
considered (Fig. S10–S16, ESI†).

Removal of triols increased the contribution of hydroxyl
groups. The Tg of triols with longer carbon chain length was
found to reach a plateau, meaning that the removal of such
compounds reduces this effect. The carbonyl contribution
increased upon the removal of hydroxyl and carboxyl functional
groups, but decreased when multifunctional compounds con-
taining carbonyl groups, or compounds composed solely of
carbonyl groups, were removed. Finally, the contribution of
cyclic structures increased with the removal of linear

Fig. 7 MD-predicted Tg values as a function of the O : C ratio for all the
organic compounds considered in this study.

Fig. 8 Comparison of the Tg values predicted from the MD simulations
with those from the proposed parameterization. The solid line is the 1 : 1
curve while the dashed black line indicates the �10%, and the dashed red
line represents the �20% deviations from 1 : 1.
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compounds and decreased when cyclic compounds with a high
Tg were removed.

Overall, the compounds that were under-represented in the
developed dataset had a notable impact on the variation of each
contribution parameter upon their removal. For example, diacetyl,
as the only diketone in the dataset, altered the carbonyl contri-
bution’s variation by more than 5% compared to its value in the
full dataset. Carbonyl compounds were under-represented in our
dataset due to limited experimental input. Moreover, most multi-
functional compounds contain carbonyl groups alongside
hydroxyl or carboxyl groups, making the carbonyl contribution’s
behaviour closely linked to that of other functional groups, and
therefore difficult to interpret independently. To improve the
dataset, measurements such as melting and boiling points are
needed for compounds containing only carbonyl groups and for
compounds with complex structures and functional groups simi-
lar to aldehydes or cis-pinonic acid.

3.2.2 Comparison with measurements
MD simulations compared to measurements. All MD predic-

tions are within 20% of the measured values (Fig. 9). Most of
the compounds included in the comparison are small alcohols,
with average Tg values taken from Rothfuss et al. (2017). MD
predictions for Tg perform relatively well, with a normalized
mean error (NME) of 12.4%, a normalized mean bias (NMB) of
12.4% and R2 = 0.79.

It should be noted that although available measurements of
experimental Tg’s are rather limited (Table S1, ESI†), one can
still indirectly estimate them from viscosity data (given that
such data are available). An example is provided by the rela-
tively recent work of Fu et al. (2021)50 for 1-dodecanol and 1,12-
dodecanediol. We fitted the reported viscosity data in that work
to the Vogel–Fulcher–Tammann (VFT) equation:

log10 Z ¼ Aþ B

T � T0
(2)

where A, B, T0 are fitted parameters, and we estimated Tg as the

temperature for which the value of Z becomes equal to 1012 Pa s.
The so-extracted Tg values are 165 K for 1-dodecanol and 200 K
for 1,12-dodecanediol (Fig. S17, S18 and Section S4, ESI†). The
corresponding MD predictions of our work are 187.6 K for
1-dodecanol and 259.5 K for 1,12-dodecanediol, showing a
13% and a 29% deviation, respectively. In the literature,51,52 an
analysis of the variation of the transport properties (e.g., struc-
tural relaxation time or viscosity) with respect to temperature of a
relatively large number of fragile structural glass-forming liquids
has also demonstrated a remarkable degree of universality.
While eqn (2) exhibits divergence of the transport properties at
T - T0 (the ideal glass transition temperature), several authors
proposed alternative expressions where the dynamic properties
stay finite for all temperatures T 4 0.51–59

Tg parameterization compared to measurements. The parame-
terization developed in this work was compared to the available
Tg measurements (Fig. 10(a)). There is a moderately good
agreement (NME E 19.6%, NMB E 19.6%, R2 E 0.52) with a
slight but consistent overprediction of Tg. This overprediction
is mainly due to the fact that the MD simulations themselves
exhibit an at least 10% overprediction of the measured values.
One reason for this is the rather fast cooling rates implemented
in the MD simulations due to computational constraints. In an
effort to correct for this bias we implement a 0.9 scaling factor
to account for the combined overprediction of both the MD
simulations and the parameterization. The parameterization
takes now the following form:

Tg = 0.9(A + ncCc + noCo + nOHCOH + nCOOHCCOOH

+ nCO + nringCring) (3)

where the various coefficients have the following values: A =
65.15 K, Cc = 6.57 K, Co = 29.98 K, COH = 20.68 K, CCOOH = 23.58
K, CCO = �5.93 K and Cring = 28.48 K, thus leading to

Tg = 0.9(65.15 + nc6.57 + no29.98 + nOH20.68

+ nCOOH23.58 � nCO5.93 + nring28.48) (4)

The scaling factor as expected reduces the overprediction
(Fig. 10(b)), particularly at lower Tg values, which are mostly
associated with alcohols – compounds that exhibited the high-
est deviations when comparing MD simulations with

Fig. 9 MD-predicted Tg values against available experimental data. The
solid line depicts the 1 : 1 curve while the dashed black line indicates the
�10%, and the dashed red line represents the �20% deviations from 1 : 1.

Fig. 10 Comparison of the Tg values predicted from the proposed para-
meterization, with (a) original version and (b) the 0.9 scaling factor, with
measurements. The solid line is the 1 : 1 curve while the dashed black line
indicates the �10%, and the dashed red line represents the �20% devia-
tions from 1 : 1.
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measurements. The implementation of the scaling factor
improves the performance of the parameterization (NME E
8.9%, NMB E 7.6%, R2 E 0.87), making it more reliable for
predicting Tg – especially in the case of low Tg compounds.

The effect of cooling rate. A major impediment in comparing
experimental studies with molecular simulations regarding prop-
erties such as Tg is the cooling rate implemented in the latter,
which is several orders of magnitude larger than the typical one
characterizing experimental protocols.30 The higher Tg values
predicted via MD simulations are therefore qualitatively consis-
tent with the expectation that measurements at a high cooling
rate should lead to a higher Tg value. Bridging the gap between
measured and simulated Tg values requires calculating the shift of
Tg due to a high cooling rate. A system specific equation30,60 based
on the Williams–Landel–Ferry (WFL)61 equation is

dTg

d log qcð Þ
¼ 2:303

RTg
2

Dh
(5)

with qc ¼
qexp

qMD
being the ratio of experimental and simulated

cooling rates, R the ideal gas constant and Dh the apparent
activation energy associated with structural relaxation. We calcu-
lated the Tg shift for 1-propanol using the average reported
experimental value19 of Tg = 100 K and the value of Dh =
97487.2 J mol�1.62 The resulting dTg was found to be 21.72 K.
Based on this, the expected Tg (MD) would be 121.7 K, which is
very close to the (average) value of 118.2 K that came out from our
simulations (Table S1, ESI†).

3.2.3 Comparison with other parameterizations. There are
two available parameterizations for atmospheric organic com-
pounds that consider CH and CHO compounds. The first,
introduced by Shiraiwa et al. (2017),13 uses the molecular
weight and the O : C ratio to predict Tg for compounds with
molar mass up to 450 g mol�1. A refinement of the Shiraiwa
et al. (2017) parameterization was later introduced by DeRieux
et al. (2018),14 extending the previous work to include higher
molar mass compounds, up to 1100 g mol�1. The predicted Tg

values from the DeRieux et al. parameterization are in good
agreement with the experimental Tg values. The predictions are
falling within �10% of the measurements and none exceeding
the �20% error (Fig. S19, Section S5, ESI†). However, the
experimental data used in this comparison were already part
of the training set for the DeRieux et al. (2018) parameteriza-
tion, therefore good agreement was to be expected.

The limitations of Tg parameterizations such as those by
Shiraiwa et al. (2017) and DeRieux et al. (2018) are due to the lack
of available experimental data to train them. The datasets used
for both parameterizations primarily consist of experimental Tg

data for small compounds, such as alcohols or small acids,19 and
do not include the effect of different functional groups or that of
molecular architecture. DeRieux’s parameterization generally
agrees mostly within 10% with our parameterization for com-
pounds at low temperatures. However, for compounds with a
predicted Tg above 250 K, the two parameterizations exceed the
10% difference (Fig. 11). The compounds that have a higher

predicted Tg than 250K are mostly multifunctional or non-linear
organic compounds that have not been experimentally investi-
gated and therefore have not been used as input in the past
parameterizations. The increasing difference between the two
parameterizations at higher temperatures underlines the impor-
tance of enriching the current datasets. To refine Tg parameter-
izations and include more complex compounds, methods such
as MD simulations, as implemented in this work, are useful.

4. Conclusions

MD simulations were carried out to investigate the glass transition
temperature of atmospherically relevant organic compounds. Two
properties were monitored to predict Tg, density and non-bonded
potential energy. The two methods agree well within 7% with each
other. The MD predictions are within 20% of available experi-
mental measurements while the parameterization is following the
MD within 10% of agreement. The scaled parameterization agrees
mostly within 10% of the available measurements.

The Tg of aldehydes increases smoothly as the carbon chain
length increases; however, their Tg is consistently lower com-
pared to those of ketones with the same carbon atom number.
This can be attributed to the flexibility of aldehydes due to an
attached hydrogen to their carbonyl group, while ketones can
exhibit comparatively tighter packing at the molecular level,
contributing to a higher Tg.

Alcohols’ Tg shows a linear increase for mono-hydroxyl
compounds upon the addition of carbon atoms. However, in
the case of additional hydroxyl groups the increase of Tg seems
no longer to be linear. On longer carbon chain, a plateau is
reached in the increase of Tg. This plateau of Tg is observed in
alcohols with nine carbon atoms or more. The addition of

Fig. 11 Comparison of the developed parameterization with that by
DeRieux et al. (2018). The compounds shown are divided in two cate-
gories: (i) blue for the compounds that are experimentally tested, and (ii)
black for untested compounds both experimentally and DeRieux’s para-
meterization. The solid line is the 1 : 1 curve while the dashed black line
indicates the �10%, and the dashed red line represents the �20% devia-
tions from 1 : 1.
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hydroxyl groups has a much more significant effect on Tg than
the carbon chain length, marking hydroxyl functionality the
primary factor of the two influencing Tg.

In the case of carboxylic acids, the compounds with the most
carboxyls show a higher Tg compared to mono- or di-carboxylic
acids, which highlights the dominant role of the carboxyl group.
The plateau effect of Tg for longer carbon chains that was seen in
alcohols is also present in carboxylic acids. The functional group
hierarchy for Tg sensitivity is (–COOH) 4 (–OH) 4 (–CQO). A
key factor for this sensitivity can be the enhanced ability of
carboxyl groups to form stronger hydrogen bonds, which ulti-
mately increases Tg. Overall, the number and type of functional
groups, particularly carboxyl and hydroxyl groups, tend to have a
stronger effect on Tg than the length of the carbon chain.

Cyclic compounds have higher predicted Tg compared to their
linear counterparts, a fact that can be attributed to the rigidity
imparted by a non-aromatic carbon ring. A similar behaviour is
encountered in the case of cyclic alcohols. The structural effect is
particularly important in the case of carboxyl groups.

When both carboxyl and hydroxyl groups are present within a
compound, the Tg tends to be higher than for the respective
compounds with only one type of functional group. This can be
attributed to the synergistic effect of the hydrogen bonding net-
works formed between the carboxyl and hydroxyl groups. Con-
versely, the combination of carbonyl with a hydroxyl or carboxyl
group results in a relatively lower increase in Tg. Such interactions
underline the importance of functional group synergy, where the
presence of multiple functional groups can enhance or moderate
the sensitivity of Tg to the addition of more functional groups.

The molecular weight was found to have a clear, positive
correlation with Tg. The O : C ratio was found to have no
significant influence, given the several examples of compounds
(e.g., malonic acid, oxomalonic, lactic acid, etc.) with high O : C
ratio but comparatively low predicted Tg value.

Overall, the limitations primarily involve compounds with
complex structures and multiple functional groups. Compounds
such as diketones with cyclic structure and multifunctionality were
under-represented in the dataset and are needed to improve the
parameterization. Experimental data of melting and boiling point for
such compounds are needed to guide the MD simulations. Using a
lower stepwise cooling rate could help account for the scaling factor.
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Chem. Chem. Phys., 2011, 13, 19238–19255.
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