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nteractions and transformations of
dibasic esters with indoor relevant surfaces†

Cholaphan Deeleepojananan, a Jinxu Zhoub and Vicki H. Grassian *a

Dibasic esters (DBEs) have recently become emerging indoor air pollutants due to their usage as a solvent

for mixtures of paints and coatings. In this study, we explored the adsorption/desorption kinetics,

heterogeneous interactions, and chemical transformations of dimethyl succinate (DMS, C6H10O4),

a component of commercial dibasic ester solvent mixtures, on indoor relevant surfaces using

transmission Fourier-transform infrared (FTIR) spectroscopy and high-resolution mass spectrometry

(HRMS). Silica (SiO2) and rutile (TiO2) were used as proxies for window glass, and an active component in

paint and self-cleaning surfaces, respectively. FTIR spectroscopy of these surfaces shows that DMS can

interact with SiO2 and TiO2 through hydrogen bonding between the carbonyl oxygen and surface

hydroxyl groups. The kinetics show fast adsorption of DMS onto these surfaces followed by slow

desorption. Furthermore, new products formed observed on TiO2 surfaces in addition to molecularly

adsorbed DMS. In particular, succinate (C5H7O) was observed binding to the surface in a bidentate

chelating coordination mode as indicated by the appearance of nas(COO−) and ns(COO−) bands in the

FTIR spectra. These absorption bands grow in intensity over time and the resulting product remains

strongly adsorbed on the surface. The formation of adsorbed succinate is a result of a reaction with DMS

on Lewis acid sites of the TiO2 surface. Overall, the slow desorption of these adsorbed species indicates

that indoor surfaces can become long term reservoirs for dibasic esters and their surface products.

Moreover, in the presence of ∼50% relative humidity, water displaces outer layers of adsorbed DMS on

SiO2 and TiO2, while having no impact on the more strongly bound surface species.
Environmental signicance

Dibasic esters are emerging indoor air pollutants emitted from coatings of furniture and building materials, contributing to reduced indoor air quality. Indoor
environments exhibit a high surface-to-volume ratio compared to outdoors, serving as a sink for the uptake of gas-phase species. Fast surface adsorption and
slow desorption of dibasic esters, as well as surface-mediated reactions, are observed on indoor relevant surfaces. These ndings suggest that the adsorption of
dibasic esters on indoor surfaces create a potential long-term source of exposure that may impact human health.
Introduction

Indoor air pollutants have direct impact on indoor air quality
and human health.1–3 The sources of indoor air pollutants can
either come from episodic sources such as human occupancy
and activities, or from permanent sources such as building and
furnishing materials.4–7 Human exposure to indoor air
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pollutants can be detrimental due to associated health risks of
respiratory and cardiovascular diseases.8–10 In turn, environ-
mental regulation guidelines have been recommended by
federal agencies to minimize human exposure to chemicals that
raise health and safety concerns.11–13 Several chemicals have
been banned or phased out, such as ozone-depleting
compounds and traditional solvents, e.g., benzene, xylene,
and toluene.14,15 As a result, more environmentally friendly
chemical alternatives have been implemented in various
industries.16,17

Industrial solvents play a signicant role in various formu-
lations, especially in the painting and coating industries.14,17

Among the commonly used industrial solvents, dibasic esters
(DBEs) are a solvent mixture of dimethyl succinate (C6H10O4,
DMS), dimethyl glutarate (C7H12O4, DMG), and dimethyl adi-
pate (C8H14O4, DMA), which are considered “green solvents”
due to their lower toxicity, faster biodegradability, non-ozone
This journal is © The Royal Society of Chemistry 2024
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depleting capability, and lower odor compared to their tradi-
tional counterparts.17–20 Despite these environmentally friendly
conditions, exposure to high concentrations of DBEs can have
adverse health effects. Previous studies of DBE exposure in mice
have revealed a degeneration of olfactory system by lesions of
olfactory epithelium, thereby affecting the sense of smell.21,22

Currently, the Michigan Department of Environmental Quality,
United States, has recommended an indoor DBE threshold of 1
mg m−3.13 However, DBEs were recently detected in new apart-
ments in Beijing at concentrations ranging from 4 to 41 mg
m−3,23 which exceeded the abovementioned recommended
screening level. Qiu et al. identied that the DBEs were emitted
from coatings of wooden furniture and suspended in the indoor
air for days.23 An extremely high level of indoor dibasic esters
emitted from a polyurethane oor was also reported in
a primary school in Germany at a level of 1000–2000 mg m−3 and
was found to be associated with the sick building syndrome.24

Despite DBEs are emerging indoor air pollutants, there are
currently only few indoor chemistry studies and reports on
these pollutants available. Volatile and semi-volatile organic
compounds emitted from static indoor materials such as
furniture and building are considered long-term sources of
indoor air pollutants that contribute signicantly to the total
indoor volatile organic compounds (VOCs).25–27 Therefore, it is
essential to continue exploring emerging pollutants and their
associated chemical transformations within the indoor
environments.

Indoor surfaces have been shown to act as sinks for indoor
air pollutants.28–30 In particular, surfaces can, in some cases, be
relatively nonreactive, such as SiO2 (window glass), or reactive,
such as rutile (TiO2, paint and self-cleaning surfaces). Nonre-
active surfaces generally show weaker interactions with
surfaces, including hydrogen (H) bonding interactions.31–34 On
the other hand, reactive surfaces are able to more strongly
adsorb different chemical species to the surface or chemically
transform adsorbed species, resulting in new surface-bound or
gas-phase products.35,36 In this study, adsorption/desorption of
DMS, the most volatile component of commercial dibasic ester
mixtures, with different surfaces and the impact of relative
humidity dependence on DMS adsorption were explored. We
show that DMS has fast adsorption kinetics and molecularly
interacts with hydroxylated SiO2, but then slowly desorbs from
the surface. In the case of TiO2, surface reactions lead to surface
and gas-phase products, succinate and methanol, respectively,
from DMS. Thus, this study shows the importance of under-
standing the interactions of chemical contaminants with
different surfaces present in indoor environments in order to
better understand their fate and transformations as well as
possible human exposures.5

Methods
Transmission FTIR spectroscopy (T-FTIR)

Approximately 8 mg of hydroxylated SiO2 (Aerosil OX50,
Degussa) and 10 mg of TiO2 (rutile, 99+%, Sigma Aldrich)
particles were pressed onto one half of a rectangular tungsten
grid (Thermo Fisher Scientic), leaving the other half blank for
This journal is © The Royal Society of Chemistry 2024
gas-phase measurements. The grid containing the sample was
secured on nickel jaws of a sample holder. More details of this t-
FTIR setup were previously published elsewhere.31 In short, the
sample holder was inserted and screwed tightly to a stainless-
steel infrared cell equipped with BaF2 windows (310 ± 3 mL).
The cell was connected to a glass mixing chamber (1329± 2mL)
with multiple valves for gas injection and two absolute pressure
transducers (MKS Instruments, Inc., 10 and 1000 Torr). A two-
stage vacuum system consisting of a turbomolecular pump
(Agilent TwisTorr 74 FS) and a mechanical pump (Adixen Pascal
2010 SD) was employed for gas evacuation. DMS vapor was
acquired from the headspace of liquid DMS (99%, Acros
Organics) that was previously degassed by three freeze–pump–
thaw cycles. Aer overnight evacuation, the SiO2 and TiO2

samples were heated at 400 °C and 200 °C, respectively, for 4 h
to remove trace organic contaminants. Prior to DMS exposure,
background single beam spectra of both gas and particle phases
were collected with the OMNIC soware over the range from 650
to 4000 cm−1 at a resolution of 4 cm−1 over 300 scans. Following
background collections, a desired pressure of gaseous DMS was
introduced to the mixing chamber and exposed to the sample in
the infrared cell. Single beam spectra for kinetic studies were
collected continuously with 20 scans for 30 min using OMNIC
Macro Basic soware. An equilibrium pressure was then
recorded at 30 min of exposure, and the system was evacuated
aerwards. All single beam spectra were reprocessed with their
respective backgrounds to obtain absorbance spectra. Surface
absorbance spectra were acquired by subtracting reprocessed
spectra with their corresponding gas-phase spectra.

For relative humidity (RH) studies, a SiO2 or TiO2 surface was
rst exposed to DMS under dry conditions (<1% RH) for 30 min.
The desired pressure of water vapor was then injected into the
reaction chamber for 1 min before the infrared cell valve was
closed for another 1 h to allow the sample to interact with the
water vapor. The equilibrium pressure recorded at a time of
closing the infrared cell was used to calculate for the % RH.
High-resolution mass spectrometry (HRMS)

For HRMS experiments, the samples used for t-FTIR were
carefully removed from the tungsten grid using a microspatula
and transferred to a clean capped plastic vial. 750 mL of a 1 : 1
methanol/acetonitrile (HPLC grade, Fisher Scientic) solvent
mixture was added to the plastic vial. The extracted samples
were stored at−24 °C for no more than one week prior to HRMS
analysis. The stability of the frozen samples was tested earlier by
comparing the HRMS patterns with freshly extracted samples,
conrming no degradation. All samples were sonicated for 1 h
and centrifuged for another hour. The supernatants were then
removed and transferred to a clean amber glass vial for HRMS
analysis. All glassware was combusted at 500 °C overnight and
all plastic vials were cleaned with Milli-Q water (18.2 MU cm)
and sonicated in methanol prior to use to remove organic
contaminants. Sample aliquots were analyzed with a Thermo
Orbitrap Elite Hybrid Linear Ion Trap-Orbitrap MS in positive-
ion mode. The heated electrospray ionization (HESI) source
was operated at 100 °C with the ESI capillary set to a voltage of
Environ. Sci.: Processes Impacts, 2024, 26, 582–594 | 583
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3.50 kV at 350 °C. Mass spectra with a range of 50–500 Da were
acquired. Chemical formulae were assigned with a mass toler-
ance of <5 ppm with the following element ranges: 12C, 0–50;
1H, 0–100; 16O, 0–10; 23Na, 0–2.
Results and discussion
DMS adsorption on SiO2

The gas-phase spectrum of DMS (Fig. 1) collected at an equi-
librium pressure of 56 mTorr at 296 K shows different absorp-
tion bands in several spectral regions as follows: from 2855 to
3029 cm−1 associated with the aliphatic C–H stretching modes;
region around 1763 cm−1 for the C]O stretching mode; and
spectral region from 1335 to 1442 cm−1 associated with methyl
and methylene bending modes (Table 1). Aer the hydroxylated
SiO2 surface was exposed to DMS for 30 min at different equi-
librium pressures (Fig. 1), the corresponding infrared spectra
exhibited a negative sharp peak due to a loss of isolated silanol
groups at 3747 cm−1, and a redshied broad band centered
around 3500 cm−1. This phenomenon is due to H-bonding
interactions between the –OH terminations of SiO2 and the
adsorbed molecules.31,32,34 Carbonyl bands of DMS adsorbed on
SiO2 appear as a doublet at 1726 and 1748 cm−1, revealing
a shi to lower vibrational frequencies relative to the carbonyl
band of the gas-phase DMS centered at 1763 cm−1. This doublet
feature suggests that there may be different interactions
occurring and potentially even multilayer adsorption occurred
between DMS and the SiO2 surface.37,38 The 1726 cm−1 band
starts growing from <1 mTorr of DMS exposure and becomes
saturated at 18 mTorr, which is an indication of rst-layer
adsorption where the surface interacting sites are fully occu-
pied.39 The 1748 cm−1 band then appears initially at 2 mTorr as
a shoulder and continues to grow with increasing pressure as
a result of adsorbed DMS in a second layer. This multilayer
adsorption can also be explained by deconvoluting the C]O
band from 1650 to 1820 cm−1, which reveals two overlapping
peaks centered at 1724 and 1752 cm−1 (Fig. 2a). The area under
the two peaks was integrated and plotted as a function of
pressure (Fig. 2b). The integrated area of the deconvoluted
1724 cm−1 peak (green) appears to reach plateau aer 18 mTorr
of DMS exposure as an indication of complete monolayer
coverage. Meanwhile, the integrated area of the peak at
1752 cm−1 (red) grows linearly with increasing pressure, sup-
porting the evidence of multilayers of condensed DMS. Since
DMS contains two carbonyl groups in its structure, both of the
carbonyl oxygens may interact with hydrogens from the surface
silanol groups as illustrated in Fig. 3. The exposed SiO2 sample
was removed from the cell aer 1 h of evacuation, extracted, and
analyzed by HRMS. The HRMS patterns of products extracted
from SiO2 (Fig. 6a) clearly show only one peak at m/z 169.05
(C6H10O4), conrming the relatively weak interactions of DMS
on SiO2 surfaces.
Surface adsorption and desorption kinetics of DMS on SiO2

Volumetric measurements were used to determine the DMS
coverage by introducing a known pressure of gaseous DMS to
584 | Environ. Sci.: Processes Impacts, 2024, 26, 582–594
the reaction chamber of a known volume with and without the
presence of SiO2 particles to determine solely the amount of
DMS adsorbed on the surface without wall loss effects. The
difference of equilibrium pressures between the two experi-
ments along with integrated peak areas over the spectral region
from 2800 to 3070 cm−1 were then converted to surface cover-
ages of DMS molecules on SiO2. A detailed procedure of volu-
metric measurements was reported elsewhere.31 Fig. 4a shows
the temporal evolution of DMS coverage on the SiO2 surface at
5, 19, and 64 mTorr. The equilibrium was achieved within a few
minutes of DMS exposure. Temporal adsorption FTIR spectra
are displayed in Fig. 4c. At 5 mTorr, the monolayer coverage was
not yet complete although the band corresponding to
condensed DMS appeared at 1748 cm−1. At 19 and 64 mTorr,
DMS interacted with all available sites, which completed the
rst layer of adsorbed DMS as indicated by the saturation of the
band at 1726 cm−1. The remaining gas-phase DMS then
condensed onto the surface and formed multilayers that
continuously grew depending on equilibrium pressures. Aer
30 min, the chamber was evacuated, and the desorption of DMS
from the SiO2 surface exhibited rapid decay (Fig. 4a). To
understand the desorption kinetics of DMS on SiO2 surfaces,
the C]O bands from 1650 to 1820 cm−1 of the FTIR spectra
obtained from the evacuated SiO2 surfaces following exposures
to DMS at 19 and 64mTorr were deconvoluted and integrated as
shown in Fig. 4b. Due to the full surface coverage of DMS in the
rst monolayer, the integrated peak areas at 1724 cm−1 did not
signicantly differ between 19 and 64 mTorr. On the other
hand, the integrated peak areas at 1748 cm−1 strongly depended
on pressures. Using rst-order desorption kinetics for the DMS
monolayer on SiO2, the desorption rate constant can be
determined:

ln

�½A�t
½A�0

�
¼ �kdest

where [A]t is the concentration of an adsorbate (molecules
cm−2) at time t (s), [A]0 is the concentration of an adsorbate at
equilibrium (t = 0), and kdes is the rst-order desorption rate
constant (s−1). A spectral desorption evolution of DMS on SiO2

and a linear correlation between ln([DMS]t/[DMS]0) vs. time are
reported (Fig. 5) for the two trails of DMS exposure on SiO2

surfaces in the rst 500 s. The slope of the linear portion
designates the kdes, which is determined to be (1.9± 0.4)× 10−4

s−1 (R2 = 0.99). First-order desorption rate constants of other
common indoor VOCs on SiO2 surfaces have been previously
reported as summarized in Table 2. DMS exhibits a faster
desorption rate compared to other oxygenated VOCs containing
a hydroxyl group, including alpha-terpineol, dihydromyrcenol,
and linalool.32 However, DMS desorbs slower from SiO2

compared to carvone,34 which also contains a carbonyl group,
and limonene,32 which is one of the most abundant indoor
VOCs. In addition to a 1 h evacuation, some amount of DMS
stayed adsorbed on the SiO2 surface aer overnight (>20 h)
evacuation following a 30 min exposure of the surface to 5
mTorr of DMS (see ESI Fig. S1†), suggesting a slow desorption
process that may play a role on indoor air chemistry on longer
timescales.
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 FTIR spectra of the gas-phase spectrum of DMS collected at an equilibrium pressure of 56 mTorr in the presence of SiO2 and the SiO2

surface after DMS exposure at different equilibrium pressures. The 1650 to 1830 cm−1 region is expanded in the inset to show the evolution of the
carbonyl bands more clearly.
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DMS adsorption on TiO2

In contrast to the DMS adsorption on SiO2 surfaces, the
adsorption of DMS on TiO2 shows clear signs of stronger
interactions on the surface as well as reactions of DMS. Aer
30 min of exposure, the gas-phase FTIR spectrum (Fig. 7a)
exhibited similar C–H stretching and bendingmodes to those of
the gas-phase DMS spectrum with respect to SiO2 (Fig. 1). The
C]O stretching mode was present at 1764 cm−1 as well as the
C–O–C stretching modes from 1170 to 1248 cm−1. TiO2-surface
spectra aer a 30 min DMS exposure at multiple equilibrium
Table 1 Vibrational frequencies observed for different functional group

Mode

Experimental
(cm−1)

SiO2

n(MO–H, isolated) 3747
n(O–H) 3450–3500
n(C–H, sp3) 2855–3029
n(C]O, free ester) 1748
n(C]O, interacted ester via H-bonding) 1726
n(C]O, interacted ester via metal bonding) N/A
nas(COO

−) N/A
ns(COO

−) N/A
d(CH2, CH3) 1335–1442
n(C–O–C, ester) N/A

This journal is © The Royal Society of Chemistry 2024
pressures (Fig. 7a) differed from those of SiO2 (Fig. 1). However,
there were a few similarities, including a loss of isolated
hydroxyl groups indicated by a negative peak at 3640 cm−1 and
an appearance of a redshied broad band due to H-bonding
around 3340 cm−1. A carbonyl stretching band from 1690 to
1750 cm−1 was also observed with an apparent shoulder due to
adsorbed DMS. The shape of the carbonyl band, however, was
different from the appearance of the band for SiO2 that clearly
showed the split of two peaks corresponding to interacted and
free carbonyl groups. To investigate, this carbonyl band on TiO2
s on SiO2 and TiO2 after exposure to DMS

vibrational frequency

Literature vibrational
frequency (cm−1)TiO2

3640 3742 (SiO2),
31,40 3656 (TiO2)

39

3340
2852–3026
1745 1740–1750 37,38

1726 1730 37,38

1684
1548 1540–1590 37,38

1451 1420–1460 37,38

1323–1440 1300–1440 41

1170–1248

Environ. Sci.: Processes Impacts, 2024, 26, 582–594 | 585
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Fig. 2 (a) Deconvoluted carbonyl peaks of the SiO2 surface after DMS exposure at 56 mTorr. (b) Integrated FTIR peak areas as a function of
pressure (mTorr) of the entire carbonyl band (1650 to 1820 cm−1) and the deconvoluted peaks (at 1724 and 1752 cm−1).

Fig. 3 Possible adsorption binding modes of DMS to a hydroxylated
SiO2 surface, including a monolayer of hydrogen bonded DMS and
DMS in a second layer.
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was curve t and deconvoluted using Origin Pro 2023 soware.
This revealed three distinct peaks as shown in Fig. 7b. The rst
two tted peaks centered at 1745 and 1726 cm−1 exhibited
similar vibrational frequencies to those of the carbonyl peaks
on SiO2 (Fig. 2a), suggesting that these peaks were due to the
multilayer physisorption of DMS on TiO2 via H-bonding inter-
actions between the carbonyl oxygen atoms of DMS and the
hydrogen atoms of isolated hydroxyl groups on TiO2 surfaces.
The third peak was centered at 1684 cm−1, which was relatively
the most shied carbonyl peak towards lower wavenumbers.
Due to the structure of rutile surface, not only does it contain
isolated hydroxyl groups, but also Ti4+ sites that enable
heterogeneous interactions with organic compounds as
observed previously for carvone, benzene, toluene, and chloro-
benzene.39,42,43 These metal interactions are generally stronger
than H-bonds between organic compounds and isolated
hydroxyl groups,42 resulting in greater shis of absorption
bands towards lower vibrational frequencies compared to the
shis due to H-bonding. In addition to physisorption of DMS,
an asymmetric (nas) and a symmetric (ns) stretching vibrations of
586 | Environ. Sci.: Processes Impacts, 2024, 26, 582–594
carboxylate (COO−) were observed at 1548 cm−1 and 1451 cm−1,
respectively, which were absent in the gas-phase DMS spectrum.
The presence of these bands revealed the heterogeneous reac-
tions occurred between DMS and TiO2 surfaces. It should be
noted that the ns band at 1451 cm−1 appeared as a shoulder,
which was clearly seen aer the deconvolution of the band
extending from 1400 to 1480 cm−1 (Fig. S2†). Similarly, strong
interactions have been previously reported for adsorption of dry
thin lms of dimethyl esters on aluminum oxide, zinc oxide,
and magnesium oxide surfaces to produce either bidentate
chelating or bidentate bridging carboxylate products via metal
ion sites.37,38 Moreover, the binding mode of the carboxylate
product can be determined by the difference in vibrational
frequencies of the splitting between the asymmetric and
symmetric stretching bands (Dnas-s).44,45 The separation is
dependent on the strength of the interactions between a metal
ion and its coordinated species by the following order of
binding modes: Dnas-s(monodentate) > Dnas-s(ionic) > Dnas-s-
(bidentate bridging) > Dn

as-s
(bidentate chelating).45–48 The Dnas-s

value measured for succinic ions was 157 cm−1.44 In this study,
the Dnas-s value was 97 cm−1, suggesting that the separation was
signicantly smaller than that of the ionic state. Therefore, the
carboxylate product most likely binds onto TiO2 with a biden-
tate chelating coordination, which has been similarly observed
for the liquid adsorption of sodium succinate on an aqueous
surface of rutile.49

An additional kinetic experiment was carried out to investi-
gate the detailed adsorption process by exposing a TiO2 surface
to 6 mTorr of DMS for 30 min followed by 1 h of evacuation. The
peak areas of the three deconvoluted C]O peaks at 1745 cm−1,
1726 cm−1, and 1684 cm−1, as well as the asymmetric COO−

stretch at 1548 cm−1 were integrated and plotted temporally
(Fig. 7c). The integrated 1745 cm−1 peak (red) corresponding to
free carbonyl of adsorbed DMS in the outer layers reached
steady plateau in the rst few min, indicating equilibrium was
achieved. Then the integrated area decreased to approximately
half aer 1 h of evacuation, in agreement with the previous
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Temporal surface coverages of adsorbed DMS on the SiO2 surface at equilibrium pressures of 5, 19, and 64 mTorr. The surface was
exposed to DMS for 30 min, then evacuated for 1 h. (b) Temporal integrated surface areas of deconvoluted C]O bands centered at 1724 cm−1

(red) and 1752 cm−1 (green) from the FTIR spectra of SiO2 surfaces exposed to DMS at 19 mTorr (open markers) and 64 mTorr (solid markers). (c)
Temporal FTIR spectra of SiO2 surfaces exposed to DMS at 5, 19, and 64 mTorr.
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discussion about multilayer adsorption of DMS. Similarly, the
integrated peak at 1726 cm−1 (green) appeared to reach equi-
librium within a few min before slightly depleting due to
evacuation. Since this peak corresponds to the interacted
Fig. 5 (a) Temporal desorption FTIR spectra during a 1 h evacuation after
order desorption kinetics of DMS from SiO2 surfaces following their exp

This journal is © The Royal Society of Chemistry 2024
carbonyl in the rst layer, the amount of adsorbed DMS
decreased only minimally aer 1 h of evacuation. Integrated
peak areas are assumed to be proportional to adsorbate
concentrations. Thus, the rst-order desorption rate constant
the SiO2 surface was exposed to DMS at 64 mTorr for 30 min. (b) First-
osures at 19 and 64 mTorr.
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Fig. 6 High-resolution mass spectra of extracted products from (a)
SiO2 and (b) TiO2 surfaces following a 30 min DMS exposure followed
by 1 h evacuation. Ions are shown as sodium adducts.
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for non-reacted DMS monolayer on TiO2 is estimated to be (6.4
± 1.0) × 10−5 s−1 from two replicate experiments (Fig. S3†),
which is 3 times slower than that on SiO2. Notably, the peak at
1684 cm−1 (blue) revealed a continual decrease in the integrated
Table 2 First-order desorption rates of common indoor VOCs on SiO2

Indoor VOC Structure

Limonene

Carvone

DMS

Linalool

Dihydromyrcenol

Alpha-terpineol

588 | Environ. Sci.: Processes Impacts, 2024, 26, 582–594
peak area aer approximately 3 min and continued to decrease
linearly aer evacuation. This steady depletion is concomitant
with the increase in the amount of the new carboxylate product
(gray). Therefore, it is possible that the DMS molecules that
specically interact with Ti4+ sites are responsible for the
formation of the carboxylate product.

The surface products on TiO2 aer 1 h of evacuation were
extracted in the same manner previously described for SiO2 and
analyzed by HRMS. The mass spectrum (Fig. 6b) revealed a peak
at m/z 169.05 (C6H10O4) corresponding to adsorbed DMS, con-
rming that physisorption occurred on TiO2 surfaces. Addi-
tionally, two peaks corresponding to the carboxylate product
were identied atm/z 155.03 andm/z 171.01 in a carboxylic acid
(succinic acid, C5H8O4) and a sodium carboxylate (sodium
succinate, C5H7O4Na) form, respectively. These forms are
commonly observed in ESI when an analyte either grabs
hydrogen from a solvent or forms a sodium salt during elec-
trospray ionization.50 Another peak at m/z 197.08 (C8H14O4) was
conrmed via tandem mass spectrometry (MS/MS) to yield m/z
155.03 or succinic acid as a fragment. Therefore, we hypothesize
that this peak arose due to the reaction between succinate and
ESI solvents.
Proposed mechanism of DMS reactions on TiO2 surfaces

Adsorption of DMS on metal oxide surfaces, including alumina,
zinc oxide, and magnesium oxide, under dry conditions was
previously observed to produce a similar surface carboxylate
product, and the reaction was suggested to occur via ester
hydrolysis followed by deprotonation.37 In this study, we
propose the mechanistic pathway of a heterogeneous reaction
between gas-phase DMS and TiO2 surfaces (Scheme 1) based on
the previously discussed FTIR and HRMS results. DMS
surfaces compared to this study

kdes (s
−1) Ref

6.2 × 10−3 Huang et al.32

2.4 × 10−4 Fan et al.34

(1.9 � 0.4) × 10−4 This study

5.4 × 10−5 Huang et al.32

3.3 × 10−5 Huang et al.32

2.5 × 10−5 Huang et al.32

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a) FTIR spectra of the gas phase collected at 55 mTorr and the TiO2 surface after exposing to DMS at different equilibrium pressures. (b)
Deconvoluted peaks with respect to the carbonyl band of the adsorbed DMS on the TiO2 surface after the exposure to DMS at 55 mTorr. (c)
Temporal integrated peak areas of deconvoluted carbonyl absorption bands (1684, 1726, and 1745 cm−1) and the asymmetric stretching band of
the carboxylate product (1548 cm−1) after the TiO2 surface was exposed to 6 mTorr of DMS for 30 min followed by 1 h of evacuation.
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interacting with Ti4+ sites undergoes hydrolysis simultaneously
due to an attack by an electron lone pair from a surface isolated
hydroxyl group on the carbonyl carbon, resulting in bond
breakage to form amethoxide ion. The product is now bound to
the surface with a positive charge on the oxygen atom, enabling
the available methoxide ion to abstract a hydrogen to form
methanol. The available carbonyl oxygen of the adsorbed
product can then coordinate with the Ti4+ site to form a biden-
tate chelating linkage, which can further delocalize electron
clouds. This bidentate chelating coordination was experimen-
tally proven by the difference in FTIR vibrational frequencies
between the asymmetric (1548 cm−1) and symmetric
This journal is © The Royal Society of Chemistry 2024
(1451 cm−1) stretching modes of the adsorbed succinate.
Furthermore, methanol is known to dissociatively adsorb onto
TiO2 surfaces through reaction with OH groups to form an
adsorbed methoxy and water.51 The formation of smaller
quantities of methanol and adsorbed methoxy group, however,
cannot be detected in FTIR and HRMS due to limit of detection
and spectral overlaps with the DMS features. However, meth-
anol formation was later detected to be desorbed from the
surface when relative humidity was introduced into the infrared
cell (vide infra).

Isotope-labelling experiments were conducted to conrm the
proposed mechanism. TiO2 surfaces were rst fully
Environ. Sci.: Processes Impacts, 2024, 26, 582–594 | 589
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Scheme 1 Proposed mechanism of adsorption and reactions of DMS on TiO2.
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deuteroxylated by ushing with deuterated water (D2O) until all
the hydroxyl groups were replaced by deuteroxyl (–OD)
groups.52,53 The deuteroxylated TiO2 surface was then exposed to
DMS at 40 mTorr for 30 min and evacuated overnight. Accord-
ing to our proposed mechanism, the only deuterated product is
gas-phase semi-heavy water (HOD) with no other surface
deuterated products. However, the presence of HODmay not be
clearly visible due to little amount produced. Therefore, we
aimed to test for any changes on the deuteroxylated TiO2

surface. The FTIR spectra (Fig. S4†) showed a negative peak
corresponding to a loss of isolated –OD groups at 2678 cm−1

and a broad band around 2540 cm−1 due to H-bonding52 with
the carbonyl oxygen of DMS. No other variations in peak
assignments compared to the adsorption of DMS onto the
hydroxylated TiO2 surface were observed, suggesting no
deuterated products were formed. This in turn supported the
current mechanism by showing that DMS itself did not react
with TiO2 surfaces through other reaction pathways and, in
particular, did not react with O–D surface groups.
Fig. 8 FTIR spectra of the SiO2 surface after DMS exposure at an equilib
water vapor at 50 ± 3% RH.

590 | Environ. Sci.: Processes Impacts, 2024, 26, 582–594
Relative humidity (RH) studies

Water vapor plays a crucial role in adsorption and
heterogeneous/multiphase chemistry processes indoors by
participating in aqueous reactions or displacing adsorbed
compounds, thereby controlling the concentrations of VOCs in
the indoor environments.40,54,55 Indoor RH values vary depend-
ing on locations and can range from below 10% to more than
90%, while the United States Environmental Protection Agency
has recommended an optimal indoor RH range of 30–50%.56 To
understand the impact of relative humidity on DMS adsorption
onto indoor relevant surfaces, a SiO2 surface was rst exposed to
DMS at a desired pressure for 30 min. Then water vapor was
introduced to the system in the presence of gas-phase and
surface-adsorbed DMS to achieve a new equilibrium pressure,
which was used to calculate the % RH. It should be noted that
the partial pressure of DMS at the new equilibrium was rela-
tively small compared to the pressure of the injected water
vapor (103 order of magnitude), thus being negligible for
rium pressure of (a) 7 mTorr and (b) 50 mTorr followed by exposure to

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Interactions of water molecules with adsorbed DMS species on (a) SiO2 and (b) TiO2 surfaces.
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relative humidity calculations. In this study, the experiments
were carried out at 50 ± 3% RH. At 7 mTorr of DMS exposure
(Fig. 8a), the surface silanol sites were not fully occupied.
Therefore, when the SiO2 was consecutively exposed to water
vapor, the remaining gas-phase DMS as well as the water vapor
were still able to readily adsorb to the available sites through H-
bonding. Moreover, there may be some contributions from the
desorption of wall-adsorbed DMS upon the water vapor expo-
sure due to water displacement in which these DMS molecules
associated with the infrared cell walls can adsorb onto the SiO2

surface as well. A control experiment was carried out by
exposing a SiO2 surface to only water vapor at 50 ± 3% RH to
obtain FTIR spectra of gas-phase and surface-adsorbed water.
The water bending mode around 1630 cm−1 suggests that the
ratio between water adsorbed on a bare SiO2 to the water
adsorbed on the SiO2 surface in the presence of gas-phase and
adsorbed DMS is approximately 1 : 1. At a higher DMS pressure,
50 mTorr (Fig. 8b), multilayer adsorption dominates as seen by
the double-carbonyl peak feature from the FTIR spectra.
However, the band at 1748 cm−1 decreased in absorbance aer
Fig. 10 (a) FTIR spectra of the TiO2 surface after exposure to DMS at 4
overnight evacuation. (b) Gas-phase FTIR spectrum collected during the
and subtracted from the gas-phase FTIR spectrum of water vapor at 52% R
of both DMS and methanol in comparison to the gas-phase FTIR spectr

This journal is © The Royal Society of Chemistry 2024
water vapor was injected, while the ratio of the ∼1630 cm−1

absorption band of the adsorbed water bending mode between
the bare and DMS-SiO2 remained close to 1 : 1. The absorbance
of the 1726 cm−1 band stayed approximately the same, sug-
gesting that water molecules displace adsorbed DMS in the
outer layers at higher pressures, while the rst layer is not
affected. Esters can form H-bonds with water. Therefore, the
adsorbed DMS in the rst layer may also interact with water
molecules by H-bonding as illustrated in Fig. 9a. This can also
be due to greater strength of H-bonding than the intermolecular
forces between ester molecules, including van de Waals forces
and dipole–dipole interactions, thus facilitating water interac-
tions with the adsorbed DMS and displacement of more weakly-
bound DMS.

The role of relative humidity on DMS adsorption on TiO2 was
also investigated. Since DMS chemisorbs on TiO2 surfaces to
form adsorbed succinate and methoxy, we aimed to determine
if water played any role with these chemisorbed products. Aer
a TiO2 surface was exposed to DMS at an equilibrium pressure
of 47 mTorr, the entire system was evacuated for 1 h to remove
7 mTorr under dry conditions followed by water vapor at 52% RH and
TiO2 exposure to DMS at 47 mTorr followed by water vapor at 52% RH,
H in the presence of a TiO2 surface. The spectrum shows the presence
a of pure DMS and methanol.

Environ. Sci.: Processes Impacts, 2024, 26, 582–594 | 591
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the gas-phase DMS, leaving only the remaining physisorbed and
chemisorbed products on the surface. Water vapor was then
injected to achieve a relative humidity of 52%. The resulting
FTIR spectra (Fig. 10a) showed that DMS in the rst layer
remained molecularly adsorbed according to the 1720 cm−1

band, while more than half of the outer-layered DMS was
removed as seen from the decrease in the 1743 cm−1 band. The
carboxylate product, succinate, also rmly adsorbed onto the
surface regardless of evacuation. Aer water vapor exposure, the
water bending band appeared at 1636 cm−1, which overlapped
with the asymmetric stretching band of succinate at 1549 cm−1.
Fig. 10b shows the gas-phase FTIR spectrum with respect to the
TiO2 surface aer the exposure to DMS followed by water vapor,
which was subtracted by the FTIR spectrum of water in the
presence of TiO2 at the same %RH. The C–O–C stretching
modes from DMS features appeared in the gas phase from 1167
to 1217 cm−1, arising from water displacement of surface-
adsorbed DMS. Moreover, the C–O stretching modes of meth-
anol were clearly present from 1013 to 1054 cm−1 as compared
to the gas-phase methanol FTIR spectrum. This conrms the
formation of methanol as a byproduct of the reaction of DMS
with TiO2 surfaces (Scheme 1) in which methanol adsorbs as
a methoxy group on the surface. Once the DMS-TiO2 surface was
exposed to water vapor, water displaced the adsorbedmethanol,
causing it to be released to the gas phase as observed in FTIR.

Conclusion

Environmental regulations and development of new materials
give rise to emerging air pollutants in both outdoor and indoor
environments.57 Evaluations of these new pollutants are needed
as a measure to predict indoor air quality and their impacts on
human exposure. This work provides a detailed account of the
surface chemistry of a dibasic ester, an emerging indoor air
pollutants recently detected in new apartments from emissions
of wooden coatings,23 with indoor relevant surfaces. Indoor
surfaces are well-known to serve as reservoirs for adsorption
and heterogeneous reactions of volatile and semi-volatile
species in the environment.28 Dimethyl succinate has been
shown to readily adsorb onto SiO2 surfaces viamostly reversible
hydrogen bonding interactions. Moreover, DMS transforms on
TiO2 surfaces via reversible and irreversible adsorption with the
surface reactions to form new products, including a bidentate
chelating succinate and an adsorbed methoxy group through
hydrolysis and deprotonation. These products remain adsorbed
for long periods of time, especially on TiO2 surfaces, and the
slow desorption process enables indoor surfaces to become
a long-term source of emission and exposure. In the presence of
water vapor, molecularly adsorbed DMS and methanol can be
displaced by water molecules and released back into the indoor
air, whereas the adsorbed reaction product, succinate, remains
strongly adsorbed on the surface regardless of relative
humidity. The fate of this adsorbed succinate is yet to be
explored when indoor oxidative species, such as ozone, hydroxyl
radicals, and nitrogen dioxide, are present. Nevertheless,
succinate ions were reported to react with ozone and hydroxyl
radicals with rate constants of (3 ± 1) × 10−2 M−1 s−1 and 3.1 ×
592 | Environ. Sci.: Processes Impacts, 2024, 26, 582–594
108 M−1 s−1, respectively,58 suggesting adsorbed succinate
potentially serves as a co-reactant with oxidative species. Over-
all, indoor emerging pollutants evolve with time, and the study
of these pollutants on surfaces and their possible fates in the
indoor environments is important to understand so as to
determine possible exposure pathways and the impacts on
human health.
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