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A B S T R A C T   

Acrylic acid is an important compound widely used in industry with multiple commercial applications, and it is 
also a key intermediate in the marine organosulfur cycle. However, the fundamental ultraviolet (UV) absorption 
spectrum of acrylic acid or its conjugate base, acrylate (pKa = 4.25 at 20 ◦C) have not been determined in water. 
In this paper, we determined the absorption spectrum of acrylate in aqueous solution at pH 7.2 and 20 ◦C be-
tween 207 and 400 nm. The molar absorptivity decreased rapidly from 3958 M−1 cm−1 at 207 nm to a non- 
detectable value at wavelengths greater than 330 nm, with weak absorption at wavelengths greater than 290 
nm (e.g., ε290nm 2.7 M−1 cm−1). No discernable absorption bands were observed in the absorption spectrum. 
Excellent agreement was observed when comparing absorption spectra obtained (1) with two different spec-
trophotometers and (2) with standards prepared from either newly purchased sodium acrylate or from acrylate 
obtained from the base hydrolysis of dimethylsulfoniopropionate. Wavelength-dependent molar absorptivities 
were constant at pH 7.2 over a range of acrylate concentrations from 25 to 135 μM. The absorption spectrum red 
shifted when the solution pH increased from 2.8 to 8.2, with an isosbestic point observed at 214 nm indicating 
two exchangeable species in solution. Our study provides the first detailed UV absorption spectra of acrylic acid 
and acrylate in aqueous solution, with important implications regarding the detection and study of these com-
pounds in environmental settings and commercial applications.   

1. Introduction 

Acrylic acid and its conjugate base, acrylate, undergo numerous re-
actions with free radicals, electrophilic or nucleophilic agents, and they 
also polymerize easily in the presence of acids, alkalis, amines, iron salts, 
peroxides, or light [1]. As a result, acrylic acid is used extensively in 
industry as an additive, chemical intermediate, and polymerizing agent. 
Acrylic acid is produced on a large scale globally (3.8 × 109 kg annually 
[2]) as an industrial raw material in the manufacture of a myriad of 
products including, for example, surface coatings, textiles, adhesives, 
paper coatings, polishes, paint formulations, cosmetics, and super 
absorbent materials such as diapers [3,4]. 

In addition to its industrial and commercial applications, acrylic acid 
is ubiquitous in the biosphere. Acrylic acid has been detected in many 
species of marine macro and micro algae [5–10], shallow-water corals 
[11–13], banana pulp extract [14], oysters [15], scallops [16], bacteria 
[17–20], the stomach of sheep [21], the digestive tract of penguins [22], 
and fish [23]. Acrylic acid has also been detected in the atmosphere [24] 
and in seawater [25–28]. 

The main natural precursor of acrylic acid is dimethylsulfoniopro-
pionate (DMSP), a sulfur-containing secondary metabolite produced by 
many marine algae including coccolithophores, dinoflagellates and di-
atoms, macroalgae, and a few sea angiosperms [29]. The enzymatic 
cleavage of DMSP, a process generally mediated by DMSP lyases, leads 
to the production of acrylic acid and dimethylsulfide [30]. It is unclear 
why marine algae produce acrylic acid since it is a well-known toxin in 
cellular systems [19,20]. Nonetheless, several physiological and 
ecological functions have been proposed. Acrylate is proposed to serve 
as an antibiotic [5,31,32], a chemical defense against grazing [33] or 
viral attack [9], an antioxidant [10,34], a carbon overflow molecule 
[10,35], a structural support in mucous membranes [7], and a carbon 
substrate for microbial growth [27,36–39]. In the cell, acrylate may be 
transformed to 3-hydroxypropionate [17,40] via a CoA transferase and a 
hydratase, followed by further metabolism by an alcohol dehydrogenase 
to malonate semialdehyde and to acyl CoA plus CO2 via aldehyde de-
hydrogenase [18]. 

Acrylic acid is very reactive due to an α-β double bond, which is why 
acrylic acid is used extensively as a polymerizing agent in industrial 
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applications. In the presence of heat, acrylic acid can easily undergo free 
radical polymerization through a thermodynamically controlled addi-
tion reaction to form dimers [41]. Because acrylic acid is so reactive, 
vigorous polymerization and explosive accidents can occur from acci-
dental overheating even when a radical inhibitor is added to storage 
tanks [42]. 

The dissociation of gas-phase acrylic acid is initiated by the ab-
sorption of ultraviolet radiation, resulting in decarboxylation and 
decarbonylation [43,44]. Likewise, aqueous solutions of acrylic acid 
undergo decarboxylation following absorption of radiation in the far UV 
(ca. 193 nm), which is a well-known photochemical degradation 
pathway in water and organic solvents for not only acrylic acid but more 
generally aliphatic carboxylic acids and compounds containing the 
carboxyl moiety (for review see [45]). 

Compared to aliphatic carboxylic acids that do not contain the α-β 
double bond, the absorption of acrylic acid is significantly red-shifted 
owing to the resonance delocalization of the π electrons between the 
carbon–carbon double bond and the carboxyl group. However, a full UV 
absorption spectrum of acrylic acid or acrylate in water is currently 
lacking in the literature. Ref [46] reported only an absorption maximum 
of 15,000 M−1 cm−1 for acrylic acid in water at 194.4 nm, and no trend 
was observed with changes in the solvent polarity and the π → π* 
transition energy for acrylic acid. Lüthy [47] determined the absorption 
spectrum of acrylic acid in hexane and found that the molar absorptivity 
decreased rapidly with increasing wavelength from ~32,000 M−1 cm−1 

at 207 nm to 1 M−1 cm−1 at 283 nm with no observable absorption 
bands. A weak absorption peak was observed at ~250 nm for acrylic 
acid in cyclohexane [48]. However, this peak and the absorption spec-
trum varied as a function of acrylic acid concentration between 0.89 and 
260 mM indicating that polymeric forms of acrylic acid affected the 
absorption spectrum (e.g., dimers [48]). 

Given the importance of acrylic acid in nature and in industrial, 
commercial and research applications, it is surprising how little is 
known regarding the fundamental absorption properties of acrylic acid 
in aqueous solution. Therefore, in the present study, we determined the 
absorption spectrum of acrylic acid in high-purity water as a function of 
concentration and pH. This study is now possible because of the devel-
opment of long-pathlength spectrophotometry. The absorption spec-
trum of an analyte can now be determined at low analyte concentrations 
using a long pathlength cell (e.g., 1 m) thereby minimizing potential 
secondary reactions or interactions that may affect the absorption 
spectrum of the analyte at higher concentrations. This is especially 
important for acrylic acid since it easily polymerizes and can undergo 
extensive hydrogen bonding. 

2. Material and methods 

2.1. Chemicals and reagents 

Sodium acrylate (≥97 %) and acidimetric standard-grade potassium 
hydrogen-phthalate (99.95–100.05 %) were purchased from Sigma- 
Aldrich. DMSP hydrochloride was purchased from Research Plus Cor-
poration. Propionic acid (>99 %) was received from VWR International. 
Sodium hydroxide pellets (≥97 %) were obtained from Alfa Aesar. Ul-
trapure hydrochloric acid was purchased from BDH. Standard reference 
potassium dichromate was obtained from EMD and phenol red sodium 
salt (ACS grade) was obtained from VWR. Tris (hydroxymethyl) ami-
nomethane (≥99.9 %) and perchloric acid (ACS grade) were purchased 
from Sigma-Aldrich. Sodium bicarbonate (USP grade), and monobasic 
and dibasic sodium phosphate (99.9 %) were purchased from J. T. 
Baker. Methanol (≥99.9 %) was obtained from Burdick & Jackson. The 
high purity laboratory water used throughout this study, with resistivity 
of >18.2 MΩ-cm, was obtained from a Milli Q® gradient A10 ultrapure 
water system (EMD Millipore, Billerica, MA); hereafter this water is 
referred to as Milli-Q water. 

2.2. Acrylic acid standard preparation and purity 

Sodium acrylate degraded during short-term storage at room tem-
perature in a desiccator (section 2.5). Therefore, the acrylate stock so-
lution was routinely prepared from newly purchased, recently 
manufactured sodium acrylate. Additionally, standards prepared from 
sodium acrylate were periodically compared to acrylate standards pre-
pared from the alkaline hydrolysis of an aqueous solution of DMSP to 
determine if the sodium acrylate degraded. To prepare an acrylate pri-
mary standard from DMSP, 1 mL of a 10 M NaOH solution was added to 
10 mL of a 2 mM DMSP standard in a 30 mL borosilicate serum vial that 
was crimped-sealed with an aluminum cap containing a Teflon-faced 
butyl rubber stopper. Under basic conditions and at room tempera-
ture, the DMSP is quantitatively converted to dimethylsulfide (DMS) and 
acrylic acid [49]. The basified standard was incubated overnight at 
room temperature and subsequently bubbled for 30 min with ultrapure 
He to remove DMS followed by pH neutralization using ultrapure HCl 
(12 M). Except where noted, aliquots of the 2 mM primary standard 
prepared from either sodium acrylate or DMSP were diluted in pH 7.2, 5 
mM bicarbonate buffer to produce secondary standards used for spec-
trophotometric studies. The primary acrylate standards were kept frozen 
at −20 oC when not in use. 

The purity of the sodium acrylate and DMSP was determined by 
comparing the carbon content in a series of acrylate or DMSP standards 
prepared in Milli-Q water to the carbon content predicted from the mass 
of acrylate or DMSP used to prepare the standards. The carbon content 
of the aqueous standards was quantified with a Model TOC-VCSH Shi-
madzu total organic carbon (TOC) analyzer. The TOC analyzer con-
verted the organic carbon to CO2 by sample combustion at 670 ◦C in a 
packed quartz column containing quartz beads and a catalyst, platinum 
balls; prior to sample injection into the TOC analyzer, samples were 
acidified and bubbled with zero air to remove dissolved inorganic car-
bon. The carbon measurements for acrylate or DMSP standards were 
calibrated against the primary standard, potassium hydrogen phthalate. 

2.3. Absorbance measurements 

A fiber optic spectrophotometer (model SD-2000, Ocean Optics) was 
used to determine absorption spectra between 240 and 800 nm. This 
spectrophotometer was equipped with a 101 cm liquid waveguide 
capillary cell (LWCC, World Precision Instruments). The cell pathlength 
was determined using phenol red and potassium dichromate as refer-
ence materials based on the procedure outlined in ref [50]. The incident 
radiation was provided by a combination of deuterium and tungsten 
halogen lamps (DH-2000) with a spectral output between 240 and 800 
nm. The light sources and detector were allowed to stabilize for 2 h 
before recording absorption spectra. Since the lower wavelength limit of 
the Ocean Optics spectrophotometer is 240 nm, a model 8453 Hewlett 
Packard spectrophotometer was used to determine absorption spectra 
between 207 and 240 nm using a 5 cm-pathlength quartz cell. Except 
when noted, absorption spectra from two independent systems were 
merged to produce the absorption spectrum from 207 to 400 nm. Ab-
sorption spectra from both instruments were baseline corrected (see 
below) prior to merging. Typically, 3 to 5 replicate standards were 
analyzed using the Ocean Optics or Hewlett Packard spectrophotometer. 
The coefficient of variation among scans for replicate standards was 
small, ~1–2 % at all wavelengths, similar to the coefficient of variation 
of four repeated scans of the same standard. 

The Ocean Optics 101 cm-pathlength cell was cleaned by alternate 
rinsing with spectrophotometric-grade MeOH and Milli-Q water. Except 
when noted, after rinsing the cell, a pH 7.2, 5 mM bicarbonate buffer 
was slowly drawn into the cell using a Rainin Rabbit-Plus peristaltic 
pump to obtain a reference spectrum. Absorption spectra were then 
recorded for several acrylate standards in pH 7.2, 5.0 mM bicarbonate 
buffer. Sample spectra were referenced against the absorption spectrum 
of the bicarbonate buffer and were corrected for baseline offsets. 
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Measurements were made at 20 ± 0.5 ◦C to minimize changes in the 
refractive index of water due to changes in temperature [51]. The 
wavelength-dependent absorbance, Aλ, was converted to the corre-
sponding molar absorptivity, ελ (M−1 cm−1), using Beer’s law: 

Aλ = ελ⋅b⋅C (1)  

where b (cm) is the cell pathlength, and C (M) is the concentration of the 
standard. 

2.4. pH study and pKa determination 

The absorption spectrum of a 50 µM acrylic acid standard was 
determined at several pHs between 2.8 and 8.2 using the Hewlett 
Packard UV–Vis spectrophotometer. Buffers with different pHs were 
prepared using mixtures of 50 mM phosphoric acid, mono basic, and 
dibasic phosphate buffers. The pH for each buffer was determined using 
a Thermo-Scientific micro pH electrode coupled to an Orion 3 Star 
benchtop meter. To determine an absorption spectrum, the spectro-
photometer was first referenced using the corresponding pH buffer so-
lution. The acid dissociation constant (Ka) of acrylic acid was 
determined using absorbance data at different pHs and the method 
outlined in ref [52]. Briefly, the equation for the acid dissociation con-
stant, Ka, relating the concentrations of acrylic acid [HA] and its con-
jugate base acrylate [A−] as a function of [H+], is given as: 

Ka = [H+][A−]
[HA] (2)  

The corresponding equation for the wavelength-dependent molar ab-
sorptivity of the solution (ε) is: 

ε = εHA[HA] + εA− [A−]
[HA] + [A−] (3)  

where εHA and εA− are the wavelength-dependent molar absorptivities of 
acrylic acid and acrylate, respectively. Combining equations (2) and (3) 
yields equation (4): 

ε = εHA +Ka
εA− − ε
[H+] (4)  

The molar absorptivities of acrylic acid and acrylate were determined 
from absorbance measurements made at low and high pH where only 
one species was present in solution. Ka was determined from the slope of 
ε plotted as a function of εA−−ε

[H+] . Ka was calculated at five wavelengths 
between 210 and 230 nm. Only absorbance data at pHs 2.8, 3.4, 4.0, and 
5.2 were used to calculate ε in equation (4), since the difference εA− −ε 
was very close to zero at pHs substantially greater than the pKa (e.g., 6.4) 
leading to large errors. 

2.5. Sodium acrylate stability study 

The stability of the Sigma-Aldrich sodium acrylate was determined 
by comparing acrylate standards prepared in 0.2 μm-filtered seawater 
collected from the Sargasso Sea using a six-month old sodium acrylate to 
the concentration of (1) standards prepared using newly purchased so-
dium acrylate or (2) standards prepared from acrylate obtained from the 
base hydrolysis of DMSP. For this comparison, the acrylate concentra-
tion in each standard was determined using high performance liquid 
chromatography (HPLC) with UV absorbance detection of the acrylate 
derivative at 257 nm. The acrylate was derivatized and quantified using 
a pre-column derivatization method based on the Michael Addition of 
thiosalicylic acid to the acrylate carbon–carbon double bond [27]. 

2.6. Acrylate and propionate absorption spectra 

The absorption spectrum of a solution of the conjugate base of the 

carboxylic acid, propionate, was compared to that for acrylate to high-
light the difference in absorption spectra due to acrylate’s carbon-
–carbon double bond. Absorption spectra were determined for 50 µM 
solutions of acrylate and propionate (pKa = 4.88) prepared in pH 8.2, 50 
mM phosphate buffer using a model 8453 Hewlett Packard UV–Vis 
spectrophotometer and a 5 cm quartz cell. All absorption spectra were 
referenced against the spectrum of the pH 8.2, 50 mM phosphate buffer. 

2.7. Statistical analyses 

All statistical analyses, including simple linear regressions and two- 
tailed t-tests, were performed using SigmaPlot software (version 11.0, 
Systat Software). Unless noted, an α level of 0.05 was used for all tests. 

3. Results and discussion 

3.1. Calibration and purity 

Aqueous standards prepared from a six-month old sodium acrylate 
had HPLC responses that were 52 % lower compared to aqueous stan-
dards prepared from newly purchased sodium acrylate or standards 
prepared from acrylate obtained by the base hydrolysis of DMSP (Fig. 1). 
Standard regression slopes (±std dev) were 59.1 (±1.7), 119.5 (±2.3) 
and 117.0 (±0.6) nM−1, respectively, for the old, new, and DMSP- 
derived acrylate standards. The slopes of the new acrylate and DMSP- 
derived acrylate standards were statistically indistinguishable based 
on a t test (p > 0.05), whereas the slope of the old acrylate standard was 
significantly lower than either the new acrylate or DMSP-derived acry-
late standards (p < 0.05). 

Acrylic acid was not used to prepare standards in the present study 
because a polymerization inhibitor is added to all commercial formu-
lations, which would affect absorption spectra. The sodium acrylate salts 
did not contain a stabilizer. However, comparison of standard HPLC 
responses demonstrated that the sodium acrylate degraded when stored 
at room temperature in a desiccator as recommended by the manufac-
turer, and therefore care should be taken when using acrylate salts as 
standards. 

Comparison between the measured carbon and predicted carbon in a 
series of DMSP or acrylate (new bottle) standards prepared in Milli-Q 

Fig. 1. Acrylate HPLC peak area plotted as a function of acrylate concentration. 
Acrylate standards were prepared from the hydrolysis of a DMSP standard 
(squares, slope ± std dev = 117.0 ± 0.6 nM−1), from a newly purchased bottle 
of sodium acrylate (triangles, slope ± std dev = 119.5 ± 2.3 nM−1) or from a 
six-month old bottle of sodium acrylate (circles, slope ± std dev = 59.1 ± 1.7 
nM−1). All standards were prepared by adding µL quantities of a 0.4 µM acrylate 
standard into 3 mL of 0.2 µm-filtered Sargasso Sea seawater. The concentration 
of acrylate in the seawater samples with no added acrylate was ~0.5 nM. 
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water are shown in Fig. 2. For acrylate, linear regression analysis be-
tween the measured and predicted carbon concentrations yielded a 
slope (±std dev) of 0.999 (±0.009). Likewise, excellent agreement was 
observed between the measured and predicted carbon for DMSP, with a 
slope (±std dev) of 0.988 (±0.009) based on linear regression analysis. 
Neither slope was significantly different from a slope of 1.0 based on a 
two-tailed t-test (p < 0.0001) confirming the purity of the chemicals 
within analytical uncertainty. 

3.2. Absorption spectra 

Short-chain α, β-unsaturated carboxylic acids including acrylic acid 
can undergo extensive hydrogen bonding and polymerize in polar and 
nonpolar solvents [46,48]. This is likely why there is virtually no in-
formation regarding the absorption spectrum of acrylic acid in aqueous 
solution in the literature. With the development of long pathlength 
spectrophotometry, it is now possible to determine the absorption 
spectrum of reactive compounds such as acrylic acid at relatively low 
concentrations thereby minimizing potential problems associated with 
solute–solute interactions and reactions observed at higher 
concentrations. 

Absorption spectra of acrylate standards in 5 mM, pH 7.2 bicar-
bonate buffer were determined between 240 and 330 nm at concen-
trations ranging from 25 to 135 μM (Fig. 3, panel A). Each absorption 
spectrum was characterized by a rapid decrease in absorbance with 
increasing wavelength, with no absorption peaks or shoulders observed 
within this spectral range. Excellent linearity was observed when the 
absorbance at selected wavelengths was plotted as a function of acrylate 
concentration (Fig. 3, panel B). The lone exception to this finding was 
the nonlinearity observed at the shortest wavelength (250 nm) and the 
highest acrylate concentrations (Fig. 3, panel B), with corresponding 
absorbances that were greater than 1 and outside the range of linearity 
of the spectrophotometer. Linear absorbance dependencies with 
increasing acrylate concentrations indicated that concentration depen-
dent solute–solute interactions such as H-bonding or reactions including 
dimerization and further polymerization were not important. 

A study was conducted to compare the wavelength-dependent molar 
absorptivity of a 50 µM acrylate standard in a 5 mM, pH 7.2 bicarbonate 
buffer determined using the Ocean Optics spectrophotometer (101 cm 
pathlength flow cell) to that obtained using the model 8453 UV–Vis 
Hewlett Packard diode array spectrophotometer (5 cm pathlength 

quartz cell). When the spectra were plotted together, they overlapped 
with excellent agreement at a 95 % confidence interval (Fig. 4). 

Since acrylate absorbances obtained by the two instruments were in 
excellent agreement, a composite wavelength-dependent molar ab-
sorptivity spectrum for acrylate was generated (Fig. 5) using absorbance 
data obtained with the Hewlett Packard spectrophotometer at wave-
lengths less 240 nm and the Ocean Optics spectrophotometer at wave-
lengths equal to and greater than 240 nm. The resultant wavelength- 
dependent molar absorptivity spectrum decreased rapidly from 3958 
M−1 cm−1 at 207 nm to below detection at wavelengths greater than 
330 nm (Fig. 5, Table 1). 

Compared to its saturated analog, propionate, which showed no 
absorption beyond ~ 235 nm (Fig. 5, Table S1), acrylate absorbed UV 
much stronger at all wavelengths (e.g., 2784 vs 70 M−1 cm−1 at 210 nm), 
and the UV absorption spectrum of acrylate extended into the UV-B 
waveband (290−320 nm), demonstrating the impact of π electron 
delocalization between the α, β double bond and the carboxyl group on 
the absorption spectrum for acrylate compared to that for simple 
aliphatic acids such as propionate. Based on acrylate’s absorption 
spectrum, it is worth noting that, unlike saturated carboxylic acids such 
as formic, acetic [53], or propionic acid (Fig. 5), acrylate weakly absorbs 
electromagnetic solar radiation in the spectral range that is relevant to 
aquatic photochemistry (≥ ~ 290 nm) in marine and freshwater sys-
tems, suggesting that acrylate can potentially undergo primary photol-
ysis in sunlit surface waters. However, no photolysis was observed when 
a ~20 nM acrylate standard in Milli-Q water or seawater was exposed to 
irradiation from a solar simulator for several hours, indicating that the 
quantum yield for the primary photolysis of acrylate was too low [54]. 

Since solid sodium acrylate degraded after storage in the dark at 
room temperature, we also determined the absorption spectra of acry-
late standards prepared using acrylate produced from the alkaline hy-
drolysis of DMSP. Absorbance spectra determined using the DMSP- 
derived standards were compared to absorbance spectra obtained 
using standards prepared from a new bottle of sodium acrylate. As with 
the HPLC comparison study, excellent agreement was observed between 
results obtained with the two different acrylate standards. The absor-
bance determined at a given wavelength (e.g., 250 nm) plotted as a 
function of acrylate concentration determined using the two different 
acrylate standards overlapped (Fig. 6, Table S2). This finding demon-
strated that DMSP base hydrolysis can serve as a reliable method to 
prepare acrylate standards, which is advantageous since DMSP is stable 
in acidic solution [49] and can serve as a ready source of acrylate. 

The UV absorption spectrum has not been previously documented for 
acrylic acid or acrylate in aqueous solution. The only absorption mea-
surement made in water reported a molar absorptivity of 15,000 M−1 

cm−1 at 194.4 nm for a 1 mM solution of acrylic acid at pH ~ 3.6 [46]. In 
all other studies, the absorption spectrum of acrylic acid was determined 
in organic solvents including hexane [47] and cyclohexane [48] using 
mM concentrations of freshly distilled acrylic acid. There was a large 
discrepancy in the molar absorptivities obtained in hexane [47] and in 
cyclohexane [48] despite the very similar polarities of these two 
nonpolar solvents (Fig. 7). Differences may have resulted from 
concentration-dependent variations in the degree of polymerization or 
H-bonding in these two studies. Given these differences, a detailed study 
is warranted to determine the impact of solvent polarity on the UV ab-
sorption of acrylic acid or acrylate at lower µM concentrations. 

It is not possible to directly compare our absorption spectra deter-
mined in aqueous solution with published spectra [47,48] given the very 
different conditions and the lack of critical experimental information in 
these previous studies. Nonetheless, the effect of solvent polarity on 
absorption spectra can be examined qualitatively. An increase in the 
solvent polarity generally causes a blue shift in the n → π* transition and 
a red shift in the π → π* transition [55]. Our results are consistent with 
this trend. As shown in Fig. 7, our molar absorptivities determined in 
water were significantly higher at wavelengths greater than ~ 260 nm 
and substantially lower at wavelengths less than 215 nm compared to 

Fig. 2. Carbon concentration measured in acrylate (triangles) or DMSP (circles) 
aqueous standards using a Shimadzu model TOC-VCSH total organic carbon 
analyzer plotted against the carbon concentration predicted based on the 
weight of each standard. The dashed line represents the 1:1 ratio between 
measured and predicted carbon. Red vertical error bars denote the standard 
deviation from replicate carbon measurements (n = 3). 
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published molar absorptivities in the nonpolar solvent, hexane [47]. 
This trend suggests there was a blue shift at shorter wavelengths for the 
π → π* transition and a red shift at longer wavelengths for the n → π* 
transition when going from hexane to water. 

A low-intensity absorption band corresponding to an n → π* transi-
tion may be expected for acrylic acid due to the non-bonding electrons 
on the carboxyl moiety. A 0.89 mM solution of acrylic acid in cyclo-
hexane had a weak absorption band near 250 nm (ε, 600 M−1 cm−1) that 
was ascribed to an n → π* transition [48]. A weak but distinct band was 
observed at 245 nm for dimethylacrylic acid in the gas phase at 70 ◦C; 
this band was suggested to correspond to the weak absorption of the n → 
π* transition for this α, β-unsaturated carboxylic acid [56]. A similar 
finding was observed for the ethyl ester of acrylic acid in the nonpolar 
solvent isooctane. This ester exhibited a distinct absorption maximum at 
243 nm (ε, 70 M−1 cm−1) in isooctane that was slightly blue shifted to 
239 nm and less distinct in ethanol and completely missing in water 
[57]. A weak n → π* absorption band was not observed in our study or in 
six different solvents including water [46]. The disappearance of a 
distinct n → π* band might be explained by a blue shift of the absorption 

spectrum in water, a highly polar solvent, and the subsequent masking 
by the much larger absorption arising from the π → π* transition. For the 
n → π* transition, highly polar solvents such as water or methanol 
hydrogen bond to the ground state stronger than to the excited state. 
Consequently, the energy of the ground state is lowered more than that 
of the excited state, resulting in a larger energy requirement for the 
transition and subsequently a blue shift [55,58]. 

3.3. pH effect on absorption 

The absorption spectrum of a 50 µM acrylate solution in 5 mM 
phosphate buffer changed as a function of the solution pH (Fig. 8, 
Table S3). The absorbance increased at wavelengths longer than 214 nm 
as the solution pH increased from 2.8 to 8.2, with the opposite trend 
observed at wavelengths less than 214 nm. The observed increase at 
wavelengths longer than 214 nm with increasing solution pH resulted 
from an increase in the acrylate concentration with increasing pH. The 
acrylate ion, and more generally the carboxylate ion, has a greater de-
gree of electron delocalization on the carboxyl moiety compared to its 
conjugate acid, and a corresponding lower energy gap between molec-
ular orbitals for electronic transitions [55] resulting in an increase in 
absorption. A similar pH effect was observed for the absorption of amino 
acids [59–61]), domoic acid [62], and a series of low molecular-weight 
carboxylic acids [63]. 

The absorption spectra at different solution pHs intersected at 214 
nm, indicating the existence of an isosbestic point and demonstrating 
that there were two principal interchangeable species in solution, acrylic 
acid and its conjugate base, acrylate, that were responsible for the total 
absorbance. This isosbestic point provided further evidence that 
dimerization was not important in the absorbance of µM acrylate solu-
tions. Using the molar absorptivity data at different pHs and the 
approach outlined in Ref [52], we determined that the pKa (±std dev) of 
acrylic acid was 4.25 (±0.06) at 20 ◦C, which is in excellent agreement 
with the literature value of 4.25 at 25 ◦C in water [64]. The uncertainty 
of our pKa estimate was determined by propagation errors associated 
with averaging the slopes from linear regression for data at individual 
wavelengths from 210 to 230 nm at 1 nm resolution (Fig. 9). 

3.4. Acrylic acid and acrylate fluorescence 

An experiment was conducted to determine if 5 mM buffered phos-
phate solutions of acrylic acid (pH 2.8) or acrylate (pH 8.2) fluo-
rescenced at two concentrations, 50 and 100 µM. No fluorescence was 
observed for either compound at any emission wavelength when the 
excitation wavelength (±bandwidth) was set at 210, 230, 250, and 270 

Fig. 3. (A) Absorption spectrum plotted as a function of acrylate concentration (25, 48, 71, 93, and 135 µM). Acrylate standards were prepared in 5 mM, pH 7.2 
bicarbonate buffer. Spectra were determined at 20 ◦C using the Ocean Optics spectrophotometer with a 101 cm pathlength flow cell. The inset in panel A depicts 
concentration-dependent absorption spectra between 290 and 340 nm. (B) The absorbance at 250, 260, 270, and 280 nm plotted as a function of acrylate 
concentration. 

Fig 4. Wavelength-dependent molar absorptivity (ε) of a 50 μM acrylate so-
lution in a 5 mM bicarbonate buffer at pH 7.2 between 240 and 290 nm 
determined using the model SD-2000 Ocean Optics spectrophotometer (101 cm 
pathlength cell, red solid line) and the 8453 Hewlett Packard spectrophotom-
eter (5 cm pathlength cell, white-filled circles). The red dashed lines denote the 
upper and lower 95 % confidence interval for the absorption spectrum deter-
mined using the Ocean Optics spectrophotometer. 
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(±8 nm) and the emission was scanned at wavelengths 15 nm greater 
than the excitation wavelength out to 500 nm at a wavelength resolution 
of 2 nm using an ISS model PC1 spectrofluorometer. 

4. Conclusions 

In this study we used LWCC-spectrophotometry to determine the 
absorption spectrum of a poorly absorbing, reactive compound in water, 

which had previously proven intractable. However, the value of LWCC 
methodology goes well beyond our study. This methodology is used in 
many fields of research including analytical chemistry, biochemistry, 
and environmental science. The increasing use of long pathlength 
spectroscopy is due to its enhanced sensitivity, improved limits of 
detection, and low sample volume requirement (ca. 250 µL) compared to 
standard benchtop spectroscopic techniques. LWCC cells are versatile 
and can be used in UV/Vis/NIR spectrophotometry, Raman and 

Fig 5. Molar absorptivity (ε) of acrylate (blue line) and propionate (red line) plotted as a function of wavelength (λ) from 207 to 350 nm. The inset depicts a re-scaled 
plot of ε for propionate from 207 to 270 nm. Absorbance measurements were made using 50 µM propionate and acrylate standards prepared in 5 mM, pH 8.2 
phosphate buffers. All spectra were referenced against the 5 mM, pH 8.2 phosphate buffer. Data used to generate the absorption spectrum for propionate are 
presented in Table S1. 

Table 1 
The average (±std dev) molar absorptivity (M−1 cm−1) of acrylate from 207 to 330 nm at 20 ◦C. Acrylate standards used for this study were prepared in a 5 mM, pH 7.2 
bicarbonate buffer. The average molar absorptivity was determined at each wavelength by averaging the absorbance of five acrylate standards at concentrations 
between 25 and 135 µM.  

λ (nm) ε λ (nm) ε λ (nm) ε λ (nm) ε λ (nm) ε 
207 3958 (59) 235 379 (5.7) 263 49.2 (0.7) 291 2.46 (0.07) 319 0.19 (0.05) 
208 3486 (52) 236 354 (5.3) 264 44.9 (0.5) 292 2.20 (0.09) 320 0.17 (0.05) 
209 3104 (47) 237 330 (4.9) 265 41.0 (0.4) 293 2.01 (0.07) 321 0.15 (0.03) 
210 2784 (42) 238 308 (4.6) 266 37.4 (0.4) 294 1.83 (0.09) 322 0.14 (0.05) 
211 2522 (38) 239 287 (4.3) 267 33.9 (0.3) 295 1.68 (0.09) 323 0.13 (0.04) 
212 2298 (35) 240 268 (4.0) 268 30.8 (0.3) 296 1.55 (0.09) 324 0.12 (0.05) 
213 2106 (32) 241 245 (4.2) 269 27.8 (0.3) 297 1.41 (0.09) 325 0.11 (0.01) 
214 1934 (29) 242 230 (3.9) 270 25.2 (0.2) 298 1.29 (0.08) 326 0.10 (0.04) 
215 1779 (27) 243 216 (3.7) 271 22.7 (0.2) 299 1.26 (0.08) 327 0.09 (0.04) 
216 1642 (25) 244 203 (3.4) 272 20.5 (0.2) 300 1.16 (0.10) 328 0.08 (0.06) 
217 1514 (23) 245 190 (6.4) 273 18.5 (0.2) 301 1.04 (0.08) 329 0.07 (0.04) 
218 1399 (21) 246 176 (5.1) 274 16.6 (0.2) 302 0.94 (0.09) 330 0.07 (0.02) 
219 1290 (19) 247 166 (4.3) 275 14.9 (0.2) 303 0.90 (0.11)   
220 1190 (18) 248 155 (3.8) 276 13.3 (0.1) 304 0.78 (0.08)   
221 1099 (17) 249 145 (3.5) 277 11.8 (0.1) 305 0.75 (0.09)   
222 1013 (15) 250 135 (3.1) 278 10.6 (0.1) 306 0.67 (0.11)   
223 934 (14) 251 125 (3.1) 279 9.45 (0.06) 307 0.59 (0.09)   
224 864 (13) 252 117 (2.4) 280 8.45 (0.08) 308 0.56 (0.09)   
225 798 (12) 253 109 (2.0) 281 7.59 (0.11) 309 0.49 (0.06)   
226 738 (11) 254 102 (1.8) 282 6.82 (0.10) 310 0.45 (0.08)   
227 683 (10) 255 94.3 (1.8) 283 6.03 (0.07) 311 0.41 (0.08)   
228 632 (10) 256 87.5 (1.5) 284 5.37 (0.12) 312 0.37 (0.07)   
229 586 (8.8) 257 81.1 (1.3) 285 4.73 (0.10) 313 0.34 (0.07)   
230 544 (8.2) 258 75.1 (1.1) 286 4.16 (0.11) 314 0.30 (0.05)   
231 505 (7.6) 259 69.0 (1.3) 287 3.71 (0.13) 315 0.28 (0.02)   
232 469 (7.0) 260 63.4 (1.1) 288 3.36 (0.08) 316 0.25 (0.04)   
233 437 (6.6) 261 58.4 (0.9) 289 3.05 (0.07) 317 0.23 (0.03)   
234 407 (6.1) 262 53.6 (0.7) 290 2.73 (0.09) 318 0.21 (0.06)    
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fluorescence spectroscopy, and in chemiluminescence systems to study 
the spectroscopic properties and quantify low concentrations of poorly 
absorbing and reactive chemical species. One field of study where long 
pathlength spectrophotometry finds widespread application is marine 
chemistry where LWCC spectrophotometers are used to quantify 
nutrient (e.g., nitrate, nitrite, ammonia, phosphate), trace metal, or 
pigment concentrations, or to measure the absorption spectrum of 
filtered seawater, especially in offshore “blue” waters where very low 
absorbances are observed. 
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Fig 6. Absorbance of acrylate standards at 250, 260, 270, and 280 nm. Acrylate 
standards were prepared in pH 7.2, 5 mM bicarbonate buffer using either DMSP 
(black-filled circles) or newly purchased sodium acrylate (white-filled squares). 
All absorbance measurements were made using the Ocean Optics spectropho-
tometer with a 101 cm pathlength cell at 20 ◦C. The lines denote the best fits 
from linear regression analysis; data sets for standards prepared from sodium 
acrylate and DMSP were pooled for linear regression analysis at each wave-
length. Data used in this figure are presented in Table S2. 

Fig. 7. Log scale of the molar absorptivity (ε) of acrylic acid determined in 
hexane (Lüthy 1923, blue-filled dots), cyclohexane (Morita et al. 1976, grey- 
filled dots), and in a 50 mM, pH 2.8 aqueous phosphate buffer (This study, 
red-edged circles). The solid red dot depicts the peak absorption observed at 
194 nm for acrylic acid in water at pH 3.6 (Closson et al. 1965). 

Fig 8. Absorption spectra of a 50 µM acrylate aqueous standard in phosphate 
buffers at different pHs determined using a model 8453 Hewlett Packard 
spectrophotometer with a 5 cm pathlength quartz cell. For each pH, the spec-
trum was referenced against the corresponding phosphate buffer solution 
containing no acrylate. Data used to generate this figure are presented 
in Table S3. 

Fig 9. Molar absorptivity (ε) plotted as a function of (εA− − ε)/[H+] (equation 
(4)) at 216 nm (red), 218 nm (green), 220 nm (blue), 225 nm (grey), and 230 
nm (black). Each line represents the linear regression fit of the data for that 
wavelength. For each wavelength, ε was calculated at pH 2.8, 3.4, 4.0, and 5.2. 
The absorbance data used for this plot are shown in Fig. 8 and Table S3. The 
molar absorptivity of acrylate, εA− , was calculated using absorbance data at pH 
8.2 where the concentration of acrylic acid was negligible. 
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