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ABSTRACT: The optical properties of dissolved organic matter
inﬂuence chemical and biological processes in all aquatic
ecosystems. Dissolved organic matter optical properties have
been attributed to a charge-transfer model in which donor−
acceptor complexes play a primary role. This model was
evaluated by measuring the absorbance and ﬂuorescence
response of organic matter isolates to changes in solvent
temperature, viscosity, and polarity, which aﬀect the position
and intensity of spectra for known donor−acceptor complexes of
organic molecules. Absorbance and ﬂuorescence spectral shape
were largely unaﬀected by these changes, indicating that the
distribution of absorbing and emitting species was unchanged.
Overall, these results call into question the wide applicability of
the charge-transfer model for explaining organic matter optical
properties and suggest that future research should explore other models for dissolved organic matter photophysics.

■

in CDOM.13 CDOM absorbance spectra are characterized by
an exponential decrease in absorbance with increasing wavelength. CDOM ﬂuorescence is characterized by signiﬁcant
Stokes shifts and relatively small ﬂuorescence quantum yields
(Φf) that exhibit a maximum Φf of approximately 1−3% at an
excitation wavelength (λex) of ∼370 nm and decrease
monotonically with increasing λex.14 CDOM absorbance and
ﬂuorescence have been used remotely, in situ, and in whole
water samples to track organic matter concentration,
composition, and dynamics at varying spatial and temporal
scales.15−17 In addition, CDOM photophysical properties
inﬂuence many processes in aquatic photochemistry, including
the fate of environmental contaminants18 and the oxidation and
mineralization of organic matter.2
Despite its importance, the photophysics of CDOM are not
fully understood, due in part to the complexity of CDOM and
its structural variability. Two models have been applied to
CDOM. The ﬁrst states that observed CDOM optical
properties are a superposition of noninteracting chromophores
N
(a(λ) = ∑i = 1 ai(λ); where ai is absorbance). Alternatively, an

INTRODUCTION
Organic matter, the complex mixture of organic compounds
present in terrestrial and aquatic ecosystems, is an active
component of the global carbon cycle.1,2 Organic matter in
aquatic systems is derived from allochthonous sources, such as
the leaching of plant material and soil organic matter, as well as
autochthonous sources, such as microbial exudates and other
cellular components.3 Dissolved organic matter (DOM)
constitutes the fraction of organic matter dissolved in aquatic
systems and is ubiquitous in inland and marine waters.3 The
variety of organic matter sources and environmental transformation mechanisms results in a diverse collection of
chemical functionalities that consequently play signiﬁcant
roles in aquatic systems. The importance of DOM has led to
the development of a suite of characterization methods to
understand both its chemistry and function in the environment.4−8 DOM also has important public health implications
due to the formation of toxic disinfection byproducts in
drinking water.9
Chromophoric DOM (CDOM) is the light-absorbing
fraction of DOM and is the main absorber of sunlight in
aquatic systems,10−12 thus inﬂuencing the dynamics of
photosynthetic organisms in these environments. An abundance of evidence suggests that aromatic, phenolic, and
carbonyl-containing groups are the main chromophoric units
© 2017 American Chemical Society
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Figure 1. Scheme depicting the possible photophysical processes of CDOM, including local excited (LE) states and charge-transfer (CT)
interactions and the expected eﬀects of temperature, solvent polarity, and viscosity on CDOM absorbance (a−c) and ﬂuorescence (d−f). Scenarios
are depicted for independent D and A molecules (a, d), covalently tethered D and A (b, e) and conjugated D and A moieties (c, f). Only some of the
critical dependencies are indicated. For example, the wavelength of ﬂuorescence (hνF,CT) is dependent on solvent viscosity due to dipole
reorientation eﬀects.34 Note also that temperature also perturbs solvent viscosity and solvent polarity and is thus expected to have eﬀects beyond DA
complex equilibrium position.

properties observed between these diﬀerent pools of organic
matter can be explained by the CT model or by the
superposition model, especially because of the known diﬀerences in structure between aquatic CDOM and these other
organic matter sources.

electronic interaction model has been proposed in which
electron rich donors (D) associate with electron poor acceptors
(A) to form complexes capable of undergoing charge-transfer
excitation (D + A ⇌ DA + hν → [D+A−]*).13,14 This model
states that CDOM optical properties include contributions
from individual chromophores in addition to DA complexes
N

a(λ ) =

∑ ai(λ) +
i=1

N

■

TESTING THE WORKING CT MODEL
Some of the key aspects of the CT model are shown in Figure
1. There are three possible arrangements of D and A groups
that show CT behavior. First, D and A groups may be
independent molecules that associate to form a ground state
intermolecular DA complex with a characteristic CT
absorbance (Figure 1a). Examples of this type include
complexes between acceptors, such as electron-poor quinones
(e.g., chloranil) or alkenes (e.g., tetracyanoethylene), and
electron-rich aromatics (e.g., hexamethylbenzene) or amines.27
Second, D and A groups may be tethered, but are otherwise
electronically independent, nonconjugated moieties, such as in
naphthalene-pyridinium or porphyrin-quinone systems (Figure
1b).28−30 These groups could form intramolecular DA
complexes that exist in equilibrium with their respective D
and A groups. Finally, the D and A moieties may be linked as
interacting, conjugated groups, such as p-cyano-N,N-dialkylanilines31 or pyridinium N-phenolate betaine dyes (Figure 1c).32
Fluorescence can occur from each of these CT excited states,
which could form as a result of excited state electron or proton
transfer from a local excited (LE) state D or A moiety.

N

∑ ∑ ai ,j(λ)
i

j≠i

where ai,j refers to absorbance due to interacting chromophores.
Many studies have adopted the charge-transfer (CT) model
as a broad framework for interpreting CDOM optical
properties and photochemistry in aquatic systems.13,19−21 The
CT model has also been applied to organic matter sources
other than aquatic CDOM, including soil20 and atmospheric22
systems. The humic and fulvic acid fractions of soil organic
matter are typically more aromatic and higher in molecular
weight than their aquatic counterparts, which according to the
CT model, explains their more intense color. Recent studies of
atmospheric systems containing so-called brown carbon, a
mixture of compounds resulting from biomass burning that has
important implications in radiative forcing, have suggested that
CT interactions may play a role.22−24 Some atmospheric studies
have drawn verbatim from the CT model developed for aquatic
CDOM, arguing that brown carbon optical properties are
largely explained by CT interactions.22,25,26 Taken together, it is
not well understood whether the similarities in optical
407
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Figure 2. Optical properties of organic matter isolates in aqueous solution. (a) Absorbance spectra normalized to carbon concentration and (b)−(d)
ﬂuorescence quantum yields for PLFA, POFA, GMHPOA (microbial/marine aquatic), SRHA, SRFA, MRNOM, NRNOM (terrestrial aquatic) and
ESHA, PPHA, PPFA (soil).

Preparation of Solutions. Aqueous stock solutions
(∼100−300 mg isolate L−1) were prepared by dissolving
isolates in lab grade water and adjusting to pH 7.0 using 0.1 M
NaOH. Samples were maintained at this pH for 2 days, after
which they were ﬁltered through 0.7 μm glass ﬁber ﬁlters
(muﬄed at 500 °C for 4 h). These stocks were used to prepare
dilute solutions in H2O, ACN, and THF for absorbance and
ﬂuorescence measurements. Aqueous solutions were prepared
by diluting aqueous stocks to a target concentration of 2.5−
10.6 mgC L−1 depending on instrument sensitivity (SI Table
S4). For organic solvent-based solutions, a standard dilution
factor was applied across all isolates (%v/v = 95/5 organic/
water). Spectroscopic grade glycerol was used to alter the
viscosity during some experiments; the exact volume percent of
glycerol was determined using its density. All solutions were
well mixed prior to analysis. For temperature-dependent
studies, isolates were dissolved directly in 10 mM phosphate
buﬀer (pH 7.2) at their respective target concentrations.
Control experiments indicated no diﬀerence in absorbance or
ﬂuorescence spectra between buﬀered and unbuﬀered
solutions. Once prepared, samples were stored in muﬄed,
amber glass bottles at 4 °C.
The 2.5−10.6 mgC L−1 target concentration represents an
optimized value for our experimental system, which necessitates
having enough signal to obtain good absorbance data while
concomitantly avoiding saturation of the emission detector of
the Fluoromax-4 instrument. In addition, dissolved organic
carbon (DOC) concentrations of samples in this study are
relevant for a range of environmental systems.
DOC concentrations of stock solutions (diluted from ∼100−
300 mg L−1 to ∼1−4 mgC L−1) and aqueous dilutions were
measured using a total organic carbon analyzer (M5310C,
Sievers) that utilizes UV-persulfate oxidation. Potassium
hydrogen phthalate was used as a QA/QC standard. DOC
concentrations measured on the aqueous dilutions were used to
calculate molar extinction coeﬃcients for these samples on a
molar carbon basis, whereas molar extinction coeﬃcients for
organic solvent-based measurements were calculated using
DOC concentrations determined for stock solutions and
known dilution factors.

Each of these arrangements has an expected sensitivity to
solvent conditions, including temperature, polarity, and
viscosity, which can be used to test for the presence of these
complexes. In fact, a common test for the presence of CT states
is the role of solvent polarity on the observed position and
intensity of spectral transitions.33
To investigate the CT model for CDOM photophysics, a
diverse set of organic matter isolates was examined, including
isolates from soil (ESHA, PPHA, PPFA), terrestrial aquatic
(SRFA, NRFA, SRHA, SRNOM, MRNOM, NRNOM,
YHPOA), and microbial/marine (PLFA, GMHPOA, POFA)
sources. (Supporting Information (SI) provides additional
details on sources and isolation procedures.) With respect to
the soil isolates, we note that it is common practice to extract
soil organic matter into aqueous solution to characterize its
optical properties using similar approaches as aquatic organic
matter.35 Optical properties including absorbance spectra,
ﬂuorescence spectra, and ﬂuorescence quantum yields were
measured as a function of temperature (10−40 °C), solvent
viscosity (0.38−1.31 cP), and solvent polarity (dielectric
constant, 8−80). This paper compares the results obtained
following these perturbations with the hypotheses shown in
Figure 1 developed for well-deﬁned DA complexes of organic
molecules,33 thus providing a direct assessment of the CT
model’s ability to explain CDOM optical properties.

■

MATERIALS AND METHODS

Experimental Matrix. Thirteen DOM isolates were studied
(see SI Table S2 for a list of sample names and sources).
Absorbance spectra of all isolates were measured on a Cary 100
Bio UV−vis spectrophotometer (Agilent). Fluorescence spectra
were measured for all 13 isolates using an Aqualog
spectroﬂuorometer (Horiba Scientiﬁc) in H2O, acetonitrile
(ACN), and tetrahydrofuran (THF). Temperature-dependent
absorbance and ﬂuorescence spectra were measured on a subset
(n = 7) of these samples using a Fluoromax-4 spectroﬂuorometer (Horiba Scientiﬁc), and absorbance and ﬂuorescence
spectra at varying temperature/glycerol combinations were
measured on a subset (n = 3) of these samples on the
Fluoromax-4.
408
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Table 1. Optical Properties for Samples in Aqueous Solutiona
Isolate

Origin

SUVA254b (L mgC−1 m−1)

E2/E3c

S300−600d (nm−1)

FIe

Φf (%) at λex = 370 nm

Max Φf (%)

λex at max Φf

GMHPOA
POFA
PLFA

marine/microbial

1.7
0.7
2.5

7.0
8.7
4.9

0.0173
0.0161
0.0155

1.43
1.54
1.58

1.06
1.09
1.31

1.06
1.11
1.32

370
355
385

MRNOM
NRNOM
SRNOM
NRFA
SRFA
YHPOA
SRHA

terrestrial aquatic

3.4
4.2
3.0
4.9
4.2
2.6
3.8

5.4
4.7
4.7
4.2
4.5
7.1
3.5

0.0161
0.0149
0.0147
0.0151
0.0152
0.0186
0.0130

1.45
1.44
1.42
1.23
1.29
1.53
1.09

1.21
0.72
1.00
0.65
0.84
2.14
0.35

1.21
0.74
1.00
0.68
0.84
2.18
0.35

370
350
370
390
360
380
430

ESHA
PPFA
PPHA

soil

8.9f
6.3f
8.3f

2.4
4.3
2.9

0.0075
0.0134
0.0098

0.65
1.06
0.74

0.49
1.08
0.39

0.61
1.24
0.54

460
460
460

a

Measurement uncertainty not shown for clarity. Coeﬃcient of variations for all parameters were less than 5%, and values are included in SI Table S4. bSUVA254 is calculated as Abs254/[DOC] × 100. cE2/E3 is calculated as Abs250/Abs365. dS300−600 (nm−1) is calculated by a nonlinear least-squares
ﬁt to Abs(λ) = Absref × exp[-S(λ−λref)]. eFI is the ratio of emission intensity at 470 to 520 nm at an excitation of 370 nm. fSUVA254 values >6 L
mgC−1 m−1 should be interpreted with care due to the known interference of iron.42

Data Collection and Processing. Absorbance spectra
were collected on a Cary 100 Bio UV−vis spectrophotometer
from 800 to 200 nm and baseline corrected to the appropriate
solvent. Fluorescence spectra collected on the Fluoromax-4
spectroﬂuorometer were measured at excitation wavelengths
from 240 to 550 nm. Emission intensity was collected from 300
to 800 nm using a 0.25 s integration time and a 5 nm bandpass
for both excitation and emission monochromators. Fluorescence spectra collected on the Aqualog spectroﬂuorometer
were measured at excitation wavelengths from 240 to 600 nm
and a bandpass of 5 nm. Emission intensity for this instrument
was collected using a charge-coupled device (CCD) at 4.64
nm/pixel leading to an emission scan range of 245 to 824 nm.
Integration times varied depending on sample but did not
exceed 10 s. Fluorescence intensity for both instruments was
collected in signal over reference (S/R) mode. Fluorescence
data were corrected according to published methods incorporating instrument-speciﬁc correction factors, blank subtraction,
inner ﬁlter correction and Raman normalization.36 SI Table S3
provides a comparison of the Fluoromax-4 and Aqualog
instruments.
Absorbance spectra were collected in triplicate and
ﬂuorescence spectra were collected in either duplicate or
triplicate. Although the Aqualog measures absorbance and
ﬂuorescence spectra simultaneously, the Aqualog absorbance
data were not used for quantum yield calculations due to
unacceptable coeﬃcients of variance (>10%) and consequently
large propagated errors in Φf at longer excitation wavelengths.
E2/E3, S300−600, and FI were calculated as previously
described.6,37,38 Fluorescence quantum yields were calculated
as previously described39 with some modiﬁcations that are
explained in the SI.

coeﬃcients than terrestrial aquatic and soil isolates. Table 1
summarizes compositional metrics that have been used as
surrogates of organic matter molecular weight, aromaticity and
genesis. Speciﬁc ultraviolet absorbance at 254 nm (SUVA254), a
widely used parameter correlated to aromatic carbon content,
spanned a large range for aquatic samples (0.7−4.9 L mgc−1
m−1).40 Spectral slope (S300−600) and the E2/E3 ratio, two
surrogates inversely proportional to organic matter molecular
weight, were greater for marine- and microbial-derived isolates
compared to soil and terrestrial aquatic isolates.38 YHPOA, a
terrestrial isolate, was an exception and exhibited high E2/E3
and S300−600, and low SUVA254 values. This sample was isolated
from the Yukon River (Alaska, USA) during winter and was
reported to be enriched in carboxyl-rich aliphatic moieties,
depleted in lignin phenols, and more indicative of microbialderived organic matter.41 As a whole, this data set represents
the wide range of properties in the studied organic matter
isolates.
The CT model posits that DA complex excitation begins to
dominate at λex ≈ 375 nm, resulting in the formation of an
excited CT state, [D+A−]*, of lower energy than 1D*A.43 The
exponential decrease in absorbance with increasing wavelength
would thus suggest that potential DA complexes that are
excited to lower energy CT excited states have lower molar
extinction coeﬃcients than species absorbing at shorter
wavelengths. The exact nature of potential DA complexes has
not been ﬁrmly deﬁned, but previous studies suggest that
covalently tethered D and A moieties (Figure 1b) are most
likely.14
In this study, no changes in absorbance spectral shape or
intensity were observed at diﬀerent temperatures (10−40 °C)
or solvent viscosities (0.38−1.31 cP), while minor changes
(primarily at λex < 375 nm) were observed between spectra in
H2O, ACN, and THF (SI Figures S3, S7, S9−10), indicating
that the dynamics of potential DA complexes are unchanged
over these conditions.
These results are striking in that the concentration of DA
complexes giving rise to CT absorbance (AbsDA), formed either
from independent D and A molecules or covalently tethered D
and A moieties (Figure 1a and b, respectively), is determined

■

RESULTS AND DISCUSSION
Absorbance of CDOM. Figure 2a presents absorbance
spectra of select organic matter isolates in aqueous solution.
Spectra exhibited an exponential decrease in absorbance with
increasing wavelength, as has been observed universally for
CDOM. 11 Marine and microbial-derived isolates (i.e.,
GMHPOA, POFA, and PLFA) had lower molar extinction
409
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Figure 3. Temperature and solvent eﬀects for SRFA by comparing ﬂuorescence quantum yields as a function of temperature and solvent polarity. (a)
Φf as a function of excitation wavelength over 10−40 °C. Inset: emission spectra at an excitation wavelength of 370 nm. (b) Data from a) normalized
to maximum value. (c) Φf as a function of excitation wavelength in H2O, ACN, and THF. (d) Normalized Φf data from (c).

dependence of Φf on excitation wavelength commonly
observed in aquatic organic matter isolates, which has been
attributed to the relative contribution of LE state versus CT
state ﬂuorescence as λex increases to 375 nm, does not apply to
soil isolates and SRHA. Yet, soil isolates exhibit the greatest
abundance of long wavelength absorbance, which has also been
used as evidence supporting the CT model. These results
contradict models that ascribe CT transitions as a signiﬁcant
contributor to the optical properties of soil isolates. Thus, the
same line of reasoning used to support the CT model for
aquatic samples cannot be applied to soil isolates.
CDOM exhibits large apparent Stokes shifts that decrease
with increasing excitation wavelength.14,43 In most cases,
emission spectra exhibit a behavior in which spectra at longer
excitation wavelengths are lower in intensity and narrower in
width, as if ﬁtting inside emission spectra at shorter excitation
wavelengths (SI Figures S16). The CT model rationalizes this
observation by suggesting that CDOM ﬂuorescence occurring
at emission wavelengths (λem) greater than 470 nm results from
the charge-recombination-induced luminescence of [D+A−]*
and that these states are highly coupled, resulting in a near
continuous energy distribution. Reduction of carbonyl moieties
in DOM with sodium borohydride has been shown to increase
Φf values,45,46 and it has been argued that this is due to either a
decrease in excited-state electron transfer or direct excitation
into CT states. The relative importance of ﬂuorescence and CT
deactivation pathways should be aﬀected by temperature,
solvent viscosity, and solvent polarity for independent and
covalently tethered DA complexes shown in Figure 1d−f.
Emission from CT states formed from conjugated DA moieties
(Figure 1f) would only be aﬀected by solvent polarity. The
underlying physics are that the rate of solvent reorientation
about the excited state dipole is slower at lower temperatures,
which leads to increased emission from the LE state and
manifests as a blue shift in the emission spectrum.34 Solvent
polarity similarly inﬂuences the energy of the emitting state
relative to the ground state. This solvent dependence can be

by an equilibrium constant (D + A ⇌ DA, KDA), which is
expected to be temperature-dependent as described by the van’t
Hoﬀ equation. For example, an approximately 25% increase in
AbsDA is expected for a complex with a formation enthalpy
(ΔHDA) of −2 kcal mol−1 for a temperature decrease from 35
to 10 °C (see SI Text 3.2).33 This example ΔHDA value is
similar to the value for p-benzoquinone and benzene measured
in heptane (−1.8 kcal mol−1).44 Thus, the lack of temperaturedependence in absorbance spectra at long wavelengths suggests
that DA complexes are not signiﬁcant contributors to CDOM
absorbance. Conjugated DA chromophores remain a possibility
(Figure 1c) but are also unlikely due to the lack of signiﬁcant
solvatochromism observed in CDOM absorbance spectra.
Solvatochromic shifts occur widely in CT absorbance spectra
of well-deﬁned organic DA complexes due to the large change
in molecular dipole moment between ground and excited
states.33 If the dipole decreases upon excitation, a blue shift is
expected with increasing solvent polarity (hypsochromic),
whereas a red shift is expected if the dipole increases upon
excitation (bathochromic). In eﬀect, these absorbance data
suggest that the DA complexes shown in Figure 1a-c are not
major contributors to long wavelength absorbance. There is
another explanation, in which all of the hypsochromic shifts are
exactly balanced by bathochromic shifts of the same intensity.
We reject this latter possibility as it seems unlikely to occur
across all three solvents and 13 organic matter isolates
investigated.
Fluorescence of CDOM. Maximum Φf values spanned
almost an order of magnitude for the diﬀerent isolates (Figure
2b−d, Φf = 0.0035−0.022 at λex = 370 nm). All aquatic isolates
exhibited an increase in Φf with increasing λex up to a maximum
value of ∼370 nm, followed by a decrease with increasing λex.
This behavior has been used as evidence in favor of the CT
model.14 Φf values for soil isolates (ESHA, PPHA) and one
aquatic isolate (SRHA) were largely independent of λex up to
∼480 nm, followed by a monotonic decrease with increasing
λex, notably distinct from aquatic samples. The characteristic
410
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Figure 4. Solvatochromic shifts in peak emission wavelength in ACN and THF relative to water for (a) GMHPOA, (b) SRNOM, (c) ESHA, and (d)
PPFA. ESHA in THF was not evaluated. Data within the gray region (±15 nm) indicates no signiﬁcant shift in peak emission wavelength.

with increasing temperature (10−40 °C; corresponding to a
viscosity range of 0.83−1.31 cP) at a constant solvent
composition, except for ESHA. Increased viscosity due to
increasing glycerol content (10−30% v/v; corresponding to a
viscosity range of 0.83−1.46 cP) at constant temperature did
not aﬀect Φf (SI Table S6). This observation suggests that
decreased ﬂuorescence intensity with increasing temperature is
due speciﬁcally to the eﬀect of temperature on the rate of
radiationless decay mechanisms47 and not the indirect eﬀect of
temperature on solvent viscosity.
To further test the importance of CT excited state emission,
ﬂuorescence spectra were measured in ACN and THF.
Fluorescence spectra containing contributions from CT
emission are expected to be red-shifted (increase in λem) due
to the greater stabilization of the excited state species by high
polarity solvents in CT excited states relative to LE states. In
contrast to this hypothesis, few samples showed red-shifted
emission spectra in H2O relative to ACN or THF (Figure 4).
Most samples exhibited no statistically signiﬁcant change in
emission wavelength (±15 nm based on number of replicates
and bandpass). Note that the ±15 nm over which statistical
signiﬁcance was assessed falls within the region of solvatochromic shifts that could be expected for LE states but is less than
what would be expected for ﬂuorescence from CT excited
states. While low concentrations (5% v/v) of water in an
organic solvent can impact ﬂuorescence spectra,34 the lack of
change in emission maximum was also evident for SRFA when
dissolved directly in THF (SI Figure S27 and S28),
corroborating the results obtained at %v/v 95/5 organic
solvent to water. Changes in emission maxima were only
observed for PPFA, PPHA, and ESHA (all soil isolates) in ACN
(Figure 4 and SI Figure S25). Importantly, SRFA, a terrestrial
organic matter isolate that has been used as an exemplar for the
CT model,14,43,45 exhibited no spectral shift at any excitation
wavelength across the tested solvents. In the CT model, it is
thought that excitation at λex > 375 nm leads to [D+A−]* states,
however, the absence of solvatochromism in ﬂuorescence
spectra calls into question the presence of these states.
The observation that ﬂuorescence emission maxima are
mostly unchanged by solvent polarity (Δλem,max < 15 nm) may
indicate that DOM ﬂuorophores, including CT excited states,
are protected from the solvent in some type of hydrophobic
microenvironment, although this idea has some shortcomings.

due to general solvent polarizability or ﬂuorophore-speciﬁc
eﬀects such as the presence of red-emitting CT states.34
Increasing temperature consistently decreased ﬂuorescence
intensity and Φf at all λex (Figure 3), with notable exceptions
being soil humic acids (SI Figures S4−S6). Emission spectral
shape did not change as a function of temperature (Figure 3b
inset), which indicates that the energy distribution of
ﬂuorophores is unchanged over the temperature range studied.
Fluorescence spectra of selected samples were measured at −10
and 70 °C in approximately 70% v/v glycerol in water solution
and exhibited no diﬀerence in spectral shape (SI Figure S26).
These results call into question the signiﬁcance of ﬂuorescence
from CT excited states. A temperature-dependence would be
expected since the rates of DA exciplex formation from LE
states and subsequent conversion to lower-lying CT states are
temperature-dependent, each with presumably diﬀerent activation energies. These rates, in part, determine the contribution
of each excited state to observed ﬂuorescence at a given
emission wavelength. Thus, for emission spectral shape to be
invariant with temperature, activation parameters for these
processes would need to be approximately equal, which seems
highly improbable given the chemical diversity within a given
organic matter isolate.
Fluorescence intensity measured by steady-state methods is
dominated by species with larger ﬂuorescence quantum yields,
leading to criticism of the use of this method compared to timeresolved measurements.43 That spectral shape was unchanged
on the red edge of the emission, which the CT model
hypothesizes to be due to CT excited state emission, supports
our conclusions based on steady-state emission data.
A change in temperature aﬀects the rate of multiple
photophysical processes, including the rate of excited singlet
state decay,47 and in the case of DA complex photophysics, the
rate of CT excited state formation from a LE state.34
Temperature also aﬀects the viscosity of the solvent, and thus
the rate of solvent reorientation about the excited state dipole.
To separate the eﬀects of changing temperature and viscosity,
absorbance and ﬂuorescence spectra were measured for a
subset of samples at varying water:glycerol ratios and
temperatures (SI Table S5). There were no signiﬁcant changes
in absorbance spectra over the temperature-solvent combinations studied (SI Figure S7). However, we observed a
signiﬁcant decrease in Φf (SI Table S6 and SI Figure S8)
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absorbance and ﬂuorescence responses as a function of
temperature, solvent polarity and viscosity that are characteristic of DA complexes of organic molecules. Although we
cannot categorically reject the presence of CT transitions
within CDOM, our results suggest that these transitions are not
prominent photophysical mechanisms. Rather, this work
suggests that organic matter contains unidentiﬁed chromophores that absorb and emit in the visible. Future work should
focus on the coupling of high-resolution DOM characterization
techniques with optical and photochemical behavior of DOM
in order to identify the chromophores responsible for long
wavelength absorbance and ﬂuorescence. Identiﬁcation and
characterization of the photophysics and photochemistry of
these long wavelength-absorbing chromophores remains a
challenge for the years ahead and is necessary if we are to
correctly understand how organic matter is photochemically
degraded, how it sensitizes the degradation of pollutants, and
how the optical properties of natural waters will be altered by
changing climate and land use.

Such a microenvironment could not be the result of
noncovalent interactions since both nonpolar solvents, such
as THF, and increasing temperature would disrupt such
interactions. For example, dimethylformamide has been
shown to disrupt noncovalent interactions (π−π stacking) in
eumelanin that normally occur in water.48 Future research on
this topic could further investigate the role of encapsulated
ﬂuorophores by measurement of ﬂuorescence lifetimes
(expected to change in such a hydrophobic microenvironment)
both as a function of temperature and in solvents of varying
polarity.
It is also noteworthy that soil isolates exhibited solvatochromism at λex < 375 nm, whereas aquatic isolates did not
(Figure 4c,d vs a,b). Assuming that these excitations lead to LE
states, this result indicates that polar solvents stabilize these
states more for soil isolates compared to aquatic organic matter.
The only sample that showed systematic solvatochromism in
ﬂuorescence spectra at λex > 375 nm was ESHA. Although this
observation could be interpreted as a potential role for DA
complexes in soil isolates, we do not think that this is likely
given both the insensitivity of these samples’ absorbance
spectra to solvent polarity and ﬂuorescence spectra to changing
temperature. This could, however, indicate a role for exciplexes
formed from LE states in soil isolates because these complexes
are formed only in the excited state, unlike ground-state DA
complexes. This would manifest as solvatochromism in
ﬂuorescence spectra but not absorbance spectra, consistent
with our observations for soil isolates. In addition, one might
interpret the results in Figure 4c,d as the presence of some type
of supramolecular assembly of soil humic substances in solution
that is disrupted by decreasing solvent polarity. However, this
explanation is inconsistent with both the fact that DOM,
including soil humic substances, obey the Beer−Lambert law
and the constancy of ﬂuorescence spectra with temperature.
Such a supramolecular structure, and consequently its
ﬂuorescence spectra, would likely be aﬀected by the two
aforementioned factors.
Φf for all samples decreased in THF and ACN relative to
H2O (Figure 3) at all excitation wavelengths. Furthermore, Φf
decreased in THF relative to ACN for all isolates besides
MRNOM (SI Figure S18). Although viscosity varies widely
between the solvents, this decrease in Φf is attributed to solvent
polarity based on the minimal change in Φf observed by
changing solvent viscosity using glycerol. Spectra for the soil
isolates PPHA and ESHA in THF showed evidence of light
scattering due to particles and were not considered in the
analysis. The wavelength-dependence of Φf is largely the same
in diﬀerent solvents (Figure 3 and SI Figures S17−S21). The
decrease in ﬂuorescence intensity and Φf with decreasing
solvent polarity is opposite to the behavior observed of
intermolecular CT complexes of organic molecules (e.g.,
trimethylbenzene + pyromellitic dianhydride, or 4-(N,N)(dimethylamino)benzonitrile),49−52 but consistent with observations of intramolecular CT ﬂuorescence.53 Regardless,
solvatochromism is observed in these inter- and intramolecular
CT model systems, which is generally not observed for the
organic matter isolates examined in this study.
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