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End-To-End FRET Enabling Direct Measurement of
Oligomer Chain Conformations and Molecular Weight in
Reaction Solutions

Sara Valdez, Syba Ismail, Yuming Wang, and Zhe Qiang*

Förster resonance energy transfer (FRET) is an established tool for measuring
distances between two molecules (donor and acceptor) on the nanometer
scale. In the field of polymer science, the use of FRET to measure polymer
end-to-end distances (Ree) often requires complex synthetic steps to label the
chain ends with the FRET pair. This work reports an anthracene-functionalized
chain-transfer agent for reversible addition-fragmentation chain-transfer
(RAFT) polymerization, enabling the synthesized chains to be directly
end-labeled with a donor and acceptor without the need for any
post-polymerization functionalization. Noteworthily, this FRET method allows
for chain conformation measurements of low molecular weight oligomers in
situ, without any work-up steps. Using FRET to directly measure the average
Ree of the oligomer chains during polymerization, the chain growth of methyl
methacrylate, styrene, and methyl acrylate is investigated as a function of
reaction time, including determining their degree of polymerization (DP). It is
found that DP results from FRET are consistent with other established
measurement methods, such as nuclear magnetic resonance (NMR)
spectroscopy. Altogether, this work presents a broadly applicable and
straightforward method to in situ characterize Ree of low molecular weight
oligomers and their DP during reaction.

1. Introduction

The chain conformation of polymer materials significantly im-
pacts their macroscopic properties, such as mechanical strength
and electrconductivity, as these properties are influenced by
the spatial behavior and interactions of the polymer chains
(e.g., chain entanglements).[1,2] Specifically, altering chain con-
formation provides a route to modulate material properties,
which can be achieved through kinetically trapping polymer
chains in non-equilibrium states.[3–7] Understanding the process-
structure-property relationship is a central interest in the
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polymer community. Therefore, character-
izing chain conformations is fundamentally
important for controlling polymer prop-
erties and designing materials for vari-
ous applications including soft robotics,[8]

filtration membranes,[9] and microelectro-
nics.[10]

Current methods to measure chain con-
formation commonly rely on scattering-
based techniques, including optical light,[11]

X-ray,[12,13] and neutron scattering.[14–17]

Both X-ray and neutron scattering tech-
niques provide reciprocal space data over
a relatively large sample volume. With
model fitting, several physical parame-
ters of single chain behaviors such as
persistence length and contour length
can be obtained. Additionally, through
measuring the light scattering intensity
as a function of polymer concentration,
Zimm analysis can be used to extrapo-
late polymer molecular weight and chain
dimensions.[1] While these methods can
give information about the radius of gyra-
tion (Rg), generally, the end-to-end distance
(Ree) is much more difficult to measure

experimentally. Additionally, most investigations of chain con-
formation focus on relatively high molecular weight systems
(greater than ≈10, 000 Da) due to the increased difficulty of ob-
taining an adequate scattering signal for chains with smaller
dimensions (e.g., Rg∼1 nm). In 2020, Sherck et al. reported
a method to address this challenge by using double electron-
electron resonance (DEER) spectroscopy to measure Ree of low
molecular weight polymers, using poly(ethylene oxide) (PEO)
as a model system.[18] Specifically, DEER is a pulsed param-
agnetic resonance technique that is able to measure the mean
distance as well as the distance distribution between two spin
probes on the scale of ≈2–9 nm.[19,20] By labeling the chain
ends with the spin probes, the Ree and distance distributions
of PEO can be obtained over a molecular weight range of
0.22–2.6 kDa.
Alternatively, Förster resonance energy transfer (FRET) is an

established method to measure distances between a FRET pair
(donor and acceptor molecules) when they are in the range
of ≈1–10 nm.[21,22] This method has often been employed in
biological systems to elucidate detailed molecular-level behav-
iors, such as protein folding,[23–25] metabolic events,[26,27] and
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cell membrane interactions.[28–30] FRET is a distance-dependent
process, based on a Coulombic interaction through resonance
where energy is transferred non-radiatively from the excited-
state donor to an acceptor. The change in the energy transfer
efficiency is related with the distance between the FRET pair.
Several key requirements for FRET to occur include: 1) there
must be sufficient overlap between the donor’s emission and
acceptor’s absorbance spectra and 2) the donor and acceptor
need to be in close proximity (≈1–10 nm). It is important to
note that the acceptor molecule may, but does not have to, be
fluorescent. Noteworthily, FRET is still underutilized in syn-
thetic polymer systems, with most work leveraging it to de-
termine polymer micelle formation,[31–33] interfacial behaviors
of polymeric systems,[34,35] and polymer chain dynamics[36–38];
their use to characterize quantitative polymer chain conforma-
tion is still limited.[39] Sha et al. used intermolecular FRET to
measure the Rees of poly(methyl methacrylate) (PMMA) and
polystyrene (PS) end-labeled with anthracene and carbazole syn-
thesized by atom-transfer radical polymerization (ATRP) and
azide-alkyne click chemistry.[40,41] Moreover, Qin et al., investi-
gated how polymer solution concentrations impact chain con-
formation transitions.[39,42] However, for these systems, a multi-
step synthetic approach and extensive purification is necessary
for labeling chains with the FRET pair, which can be time
consuming and difficult to achieve a 1:1 donor-to-acceptor ra-
tio.
Furthermore, directly measuring the size of molecules in

crude solutions during chemical reactions is difficult due to the
very limited techniques available, which require high measure-
ment sensitivity and accuracy. The complexity of these mea-
surements is often compounded by the dynamic nature of the
reaction environment such as low and varied sample concen-
trations as a function of reaction time. To address this sig-
nificant challenge, a FRET-based method is developed in this
work to directly quantify oligomer chain Ree in a crude solu-
tion without additional sample workup including drying and pu-
rification, leveraging the advantages of fluorescence measure-
ments which offer high sensitivity.[43–46] Our in situ method is
enabled by the use of reversible addition-fragmentation chain-
transfer (RAFT) polymerization, which can prepare polymers
with controlled molecular weight, low molecular weight disper-
sity (Ð), and defined end-groups with high fidelity, facilitated by
use of the chain-transfer agent (CTA). Moreover, many RAFT
CTAs can absorb light in the UV range due to a 𝜋-𝜋* transi-
tion and a forbidden n-𝜋* transition[47] which can conveniently
be leveraged to quench the emission of fluorophores that are
sufficiently close.[48] Specifically, 𝛼,𝜔-hetertotelechelic oligomers
of methyl methacrylate (MMA), styrene (S), and methyl acry-
late (MA) end-capped with anthracene (donor) and dithioben-
zoate (acceptor) are prepared, to investigate their chain con-
formation during polymerization in a good solvent (toluene).
The presence of dithiobenzoate (CTA) molecules can quench
anthracene emission, allowing the two molecules to act as a
FRET pair. Using this reported system, we are able to stream-
line the functional material synthesis containing a FRET pair,
enabling direct Ree and DP measurements during the reaction
without purification steps and can be broadly applicable to other
oligomer systems.

Scheme 1. Scheme of procedure to measure chain conformations and
DPs of oligomers using fluorescence emission intensities of crude reac-
tion solutions of chains end-labeled with a FRET pair (donor and accep-
tor).

2. Results and Discussion

In this work, we use a rationally designed fluorescent CTA in con-
junction with RAFT polymerization. This method directly pro-
duces oligomer chains end-capped with a FRET pair, enabling
potential in situ quantitative characterization of their Ree and DP
while still in the crude reaction mixture (Scheme 1). Specifically,
the FRET efficiency can first be determined by fluorescence spec-
troscopy measurements and then be correlated with the distance
between donor and acceptor molecules. When these molecules
are attached to the respective ends of an oligomer or polymer
chain, this measurement can directly report the chain’s Ree. This
approach can provide a significantly more streamlined technique
for obtaining accurate and reliable information about chain con-
formation and sample molecular weight.
Anthracene was used as the FRET donor and the dithioben-

zoate group of 4-cyano-4-(phenyl-carbonothioylthio)pentanoic
acid (CPTP) acted as the acceptor. We note that by first coupling
the CPTP with the donor, a simple synthetic route can be de-
veloped to prepare oligomers end-labeled with the FRET pair
that would not require any post-polymerization reactions or fur-
ther purification to measure the chain conformation. Particu-
larly, this method takes advantage of the high end-group fidelity
of RAFT polymerization facilitated by the CTA, resulting in the
synthesis of D, A-end labeled oligomers. To prepare the FRET-
pair containing CTA, the CPTP molecule was first reacted with
9-anthracenemethanol (AnOH) via a Steglich esterification reac-
tion, resulting in CPTP-An. As shown in Figure 1a, all peaks from
the 1H NMR spectrum of CPTP-An can be assigned to their cor-
responding protons. Specifically, the shifting of the methylene
peak 𝛼 to the aromatic group (peak g in Figure 1a) from 5.67 to
6.21 ppm indicates the successful esterification between CPTP
and AnOH molecules. Mass spectrometry and 13C NMR spec-
troscopy were also performed with CPTP-An to further confirm
the successful esterification (results shown in Figures S1 and S2,
Supporting Information, respectively).
To provide a brief background, FRET is a non-radiative energy

transfer process that occurs between an excited donor and an ac-
ceptor in close proximity (1–10 nm), as illustrated in Figure 1b.
For this transfer to occur, a key requirement is sufficient overlap
between the donor’s emission spectrum and the acceptor’s ab-
sorption spectrum; the acceptor itself does not need to be emis-
sive. Additionally, the distance range that can be measured by a
specific FRET pair is associated with its Förster distance (Ro, de-
fined quantitatively in Equation 3 in the Experimental Section).
Ro is also defined as the distance between the donor and acceptor
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Figure 1. a) Labeled 1H NMR spectrum of CPTP-An (in CDCl3-7.26 ppm), which can be used as the FRET pair-labeled CTA (donor is shown in blue and
the acceptor in red), b) absorption spectrum of CPTP (red) and emission spectrum of anthracene (blue) with an excitation wavelength of 365 nm, and
c) An and CPTP-An emission using an excitation wavelength of 365 nm and measured over a wavelength range of 380–540 nm, illustrating anthracene
emission quenching caused by CPTP when it is in close proximity to An, and the FRET efficiency of the CTA is 73%, corresponding to a Ree of ≈1.6 nm.

when the FRET efficiency, E, is 50%. It was determined that the
Ro for CPTP-An was ≈1.85 nm and additional details of the Ro
calculation can be found in the Experimental Section using Equa-
tion 5. Figure 1b shows the fluorescence emission spectrum of
AnOH excited at 365 nm and the absorption spectrum of CPTP
in the range of 380–540 nm. We note that while multiple ap-
proaches are available to determine the FRET efficiency, such as
donor or acceptor photobleaching and acceptor sensitization,[49]

this work focused on monitoring the donor emission intensity
in the presence and absence of acceptor molecules, respectively,
as described in Equation 5 in the Experimental Section. The dis-
tance between respective ends of CPTP-An was first measured.
As shown in Figure 1c, when the anthracene molecule is chem-
ically attached to CPTP, the fluorescence emission intensity sig-
nificantly decreases due to the quenching effect from the pres-
ence of the dithiobenzoate group, leading to a FRET efficiency of
73%, corresponding to a Ree of ≈1.6 nm for CPTP-An which is
very similar to the distance calculated for CPTP-An using bond
lengths/angles (≈1.64 nm).
In our previous work,[53] CPTP-An was used to prepare poly-

mers end-labeled with donor and acceptor molecules, allowing
FRET measurements to determine their molecular size, specif-
ically Ree . While this work uses the same CTA, an additional
level of sophistication was introduced to directly address a key
bottleneck in the in-situ characterization of polymerization ki-
netics. This bottleneck is associated with the lack of measure-
ment tools to quantify molecular weight in crude reaction so-

lutions. Specifically, we employed the as-synthesized CPTP-An
to perform RAFT polymerization and took measurements di-
rectly from crude reaction solutions, enabling streamlined char-
acterization of chain conformation and molecular weights. This
method provides significant advantages for further opportuni-
ties of in situ characterization of chain size and DP during the
reaction through fluorescence-based characterization measure-
ments. Figure 2a illustrates the RAFT polymerization of our
model system where methyl methacrylate (MMA) is used as the
monomer to directly produce oligomers labeled with a FRET pair.
The reaction was performed at 75 °C, with a target molecular
weight (MW) of 10,000 Da (corresponding to aDP of 100) and an
initial monomer concentration of 1.5 mM. For this study, aliquots
were taken throughout the polymerization to monitor changes
in chain conformation and DP as the reaction progressed (0 to
135 min). 1H NMR spectroscopy measurements were used to
monitor reaction progress using end-group analysis to determine
the DP of different oligomeric samples, as shown in Figure 2b.
Specifically, the end-group analysis was performed by monitor-
ing the area of the highlighted peaks corresponding to the re-
peating unit (MMA, methyl ester peak at 3.6 ppm, 3H) and the
anthracene (aromatic peak at 8.5 ppm, 1H) end group from the
CTA. By increasing the reaction time, the relative peak intensity
of the methyl ester peak corresponding to MMA increases from
0 to 16.3 (DP of 5.4) after 45 min, 22.3 (DP of 7.4) after 60 min,
45.2 (DP of 15) after 85 min, and 65.0 (DP of 22) after 135 min,
attributed to the chain growth of repeating units inserted on the
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Figure 2. a) RAFT polymerization of MMA using CPTP-An as the CTA, b)1H NMR spectra of aliquots taken during the reaction with end-group analysis
peaks highlighted (end-group proton highlighted with blue and monomer protons with green), and c) reaction conversion (green squares, left axis,
determined using DP from NMR analysis and the target DP) and Ð (purple circles, right axis, determined by GPC analysis) as a function of reaction time
throughout the MMA polymerization.

backbone of CTA. These results were then compared with the tar-
get DP to calculate reaction conversion, as shown in Figure 2c.
The reaction conversion increased from ≈5 to 22% as a function
of increasing reaction time from 45 to 135 min, which in general
follows a linear trend. This linear trend is indicative of a living
polymerization, a characteristic of controlled polymerization. In
addition to determining the DP and conversion of the oligomer
MMA (oligoMMA) samples, the 1H NMR spectra also show that
the entire CPTP-An fragment is still present on the synthesized
chains. For each reaction time point, the ratio of the integrations
of CPTP-An peak a (anthracene, 1H) to d (dithiobenzoate, 2H)
(Figure 1a) remains 1:2, indicating that the FRET D:A ratio re-
mains very close to 1:1 throughout the polymerization reaction
in this work. This feature is important as stoichiometric labeling
efficiency is imperative for quantitative FRET measurements; a
high concentration of chains with only a donor could lead to chal-
lenges in obtaining accurate FRET efficiencies. Gel permeation
chromatography (GPC) was performed to monitor Ð through-
out the reaction for different samples, shown in Figure 2c and
Figure S3 (Supporting Information). The dispersity slightly de-
creased from 1.35 to 1.26 from 45 min to the end of the reac-
tion (135 min), suggesting that more control was established as
the reaction progressed and molecular weight increased, which
is consistent with other groups of RAFT polymerization.[50–52]

Fluorescence spectroscopy measurements were then per-
formed on the oligoMMAaliquots using an excitationwavelength
of 365 nm and collected over the range of 380–540 nm. All emis-
sion intensities were normalized to the molar concentration of
anthracenemeasured by UV-vis spectroscopy using anthracene’s
molar absorptivity, 8528 Lmol−1 cm−1 at 365 nm (Figure 3a). This
normalization allows for a direct comparison of the change in an-
thracene emission intensity as a function of reaction time. The
intensities of all of the aliquots from the crude reaction fall be-
tween anthracene and CPTP-An. Specifically, as the reaction time
increased, the emission intensity of anthracene became stronger,
indicating that less quenching (energy transfer) had occurred

from the presence of the dithiobenzoate while retaining the same
characteristic shape of anthracene emission (three distinct peaks
at 393, 415, and 439 nm). This phenomenon is anticipated be-
cause as the chains grow and more repeat units are inserted be-
tween the CTA end groups, the donor and acceptor molecules
move further apart. This increased distance leads to decreased
energy transfer efficiency, which experimentally appears as an in-
creased emission intensity of anthracene. We would like to note
that while this distance measurement technique primarily relies
on FRET, the emission intensity of anthracene can also be po-
tentially decreased through other processes including scattering,
photobleaching (during synthesis, storage, ormeasurement), UV
absorption of other oligomer chains, and changes to anthracene’s
electronic environment after being attached to the CTA. More-
over, to obtain more quantitative information, the FRET efficien-
cies were calculated using the ratio of the normalized emission
intensities of the oligomer chains to neat anthracene (equation 5
in Experimental Section). As revealed by the concentration nor-
malized emission spectra, FRET efficiencies continued to de-
crease as the reaction progressed (Figure 3b). The efficiencies
decreased from 73% at time zero (obtained from just CPTP-An)
down to 41, 31, 18, and 10% after 45, 60, 85, and 135 min, re-
spectively. From these results, we can then determine the aver-
age Ree of oligomer chains using the FRET efficiency value of
aliquot samples and the Ro of CPTP-An (1.85 nm); our calcula-
tion (Equation 7 in the Experimental Section) considers the flex-
ible chain model to describe chain size distribution (Figure S4,
Supporting Information). The calculated averaged Ree distances
are shown in Figure 3c where with increasing reaction time, the
average distance increased from 1.6 nm at time zero to 2.4 nm
at 45 min, 2.8 nm at 60 min, 3.6 nm at 85 min, and 4.6 nm after
135 min.
To further assess the quantitative validity of the chain con-

formation measurements obtained with FRET, the measured
values were compared with results from all-atom molecu-
lar dynamics (MD) simulation of PMMA from a previous
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Figure 3. a) Molar-concentration normalized fluorescence emission intensities of CPTP-An and oligoMMA molecules throughout the reaction with an
excitation wavelength of 365 nm, b) FRET efficiency as a function of the MMA polymerization reaction time, and c) their corresponding Ree as a function
of reaction time.

Figure 4. a) Plot of FRET measured Rees against DP (from NMR) of oligoMMA samples, and the green trace is the fit function, Ree = 0.62DP0.588+0.73,
b) plot of Ree,adj (Ree,adj = Ree-0.73) against DP (from NMR) compared to simulated Rees of isotactic (blue diamonds) and syndiotactic (red diamonds)
PMMA, and c) DP determined by FRET (blue triangles) and NMR (green squares) during the MMA polymerization.

study;[53] we note that the simulation data account for ei-
ther isotactic or syndiotactic conformations but do not in-
clude chain ends. Therefore, to directly compare the Ree val-
ues, the contribution of the CTA chain ends to the measured
Rees needs to be accounted for. As shown in Figure 4a, the
measured Rees were plotted against the DPs determined by
NMR end-group analysis, and the data points were fitted to the
following equation:

Ree = a(DP)𝜐 + b, (1)

where a is a coefficient related tomonomer chemistry, b is a factor
that influences polymer Ree accounting for the presence of end
groups, as well as other factors such as polydispersity and end-
group fidelity. It is important to note that the b value is purely a
result of fitting parameters and does not have a distinct physical
meaning, and 𝜈 is a scaling exponent that is dependent on solvent
solubility (held at 0.588 as these samples are oligomer chains in a
good solvent). Upon fitting, the resulting equation for oligoMMA
was found to be Ree = 0.62DP0.588+0.73. We note that this b value
is only about half of the length of CPTP-An (1.6 nm), and it was
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Figure 5. a) FRET efficiency (black circles) and their corresponding Rees (grey squares) as a function of styrene polymerization reaction time, b) plot of
FRET measured Rees against DP (from NMR) of oligoS samples, the green trace is the fit function, Ree = 0.68DP0.588+0.10, and c) DP determined by
FRET (blue triangles) and NMR (green squares) during the styrene polymerization.

anticipated that the fitted parameter be less than 1.6 nm (and
positive) since the 1.6 nm is the CTA in a fully extended con-
formation but once monomers begin to be inserted, the chain
may start to become coil-like in a good solvent. Additionally, this
value is an approximation of the contributions frommultiple fac-
tors including end group, polymerization conditions, molecular
weight distribution, etc. Using the information from the fit equa-
tion, an adjustedRee, defined asRee, adj, was able to be determined
by subtracting 0.73 nm (b from the power law fit) from the Rees
measured by FRET. The Ree, adj was then compared to the sim-
ulated values shown in Figure 4b. We note that the synthesized
oligomers are atactic as the tacticity was not controlled during
our RAFT polymerization. The adjusted FRET-measured Ree of
all samples is close to the simulation results of isotactic coun-
terparts at the same molecular weights, suggesting the accuracy
of our streamlined FRET measurement method. The quantita-
tive Ree difference, even though generally less than 1 nm, can be
attributed to the polydispersity of the resulting oligomer samples
as well as the potential resolution limits of the FRET measure-
ments. Furthermore, using the fit for the data and the measured
distances of the oligoMMA samples, the DPs for each aliquot
could be calculated from the FRET data. The averagedDPs deter-
mined from the FRET measurements increased from 5.5 to 7.6,
14, and 22 after 45, 60, 85, and 135 min, respectively. The FRET
DPs are compared to the NMR DPs in Figure 4c. From this plot,
an excellent agreement can be observed from DPs determined
from NMR end-group analysis and FRET measurements. These
results not only demonstrate that our FRET-based Ree measure-
ment method, derived from streamlined measurements of crude
reaction solutions, is accurate, but also highlight its significant
advantage in further enabling in situ, in-reaction characteriza-
tions. Additionally, our findings suggest the potential of using
this method as an alternative approach for determining the DP
of oligomers without requiring additional sample work-up and
preparation.
To demonstrate the generalizability of this technique, we ex-

tended it to two additional monomer systems, including styrene
(S) and methyl acrylate (MA), using the same FRET pair-labeled
CTA, CPTP-An, and RAFT polymerization method. For styrene,
the polymerizationwas done at 100 °Cwith a targetMW of 10,000
(DP of ∼100) with aliquots taken over 0–140 min. NMR end-
group analysis results yielded DPs of 6.7, 13, and 16 for 35, 70,
and 140 min, respectively (Figure S5, Supporting Information).
GPC results showed that throughout the styrene polymerization,
Ð decreased from 1.15 to 1.15, and 1.14 for reaction times of 35,

70, and 140 min, respectively, as shown in Figure S6 (Support-
ing Information). The GPC traces and reaction conversion re-
sults can be found in Figure S6 (Supporting Information). For
the oligoS samples, the FRET efficiencies were calculated us-
ing the same method described for oligoMMA and are shown
in Figure 5a. We observed an anticipated decrease in FRET effi-
ciency as the reaction proceeded, where the efficiency started at
73% and decreased to 48% at 35 min, 28% at 70 min, and 17%
at 140 min. The FRET efficiencies were then used to determine
the average Rees of the chains, as shown in Figure 5a. The dis-
tances grew from 1.6 nm at time zero to 2.2, 3.0, and 3.8 nm at
35, 70, and 140 min, respectively. The p(Ree) using Equation 7
(Experimental Section) considering the flexible chain model for
oligoS can be found in Figure S7 (Supporting Information). In
a similar manner as oligoMMA, the measured Rees were plot-
ted against the DPs from NMR and fit to the same power law
(Equation 1; Figure 5b) again with 𝜈 held at 0.588. This gave a fit
equation of Ree = 0.68DP0.588+0.10. The Ree, adjs were calculated
by subtracting 0.10 nm from the measured Rees, so the Ree, adjs
could be directly compared to MD simulated Rees of isotactic
and syndiotactic PS (Figure S8, Supporting Information). We ob-
serve less influence of the tacticity on the Rees of the simulated
PS distances and the experimentally-measured Rees (Ree, adjs) are
slightly higher than the simulated but are still comparable to the
distances at the same DPs. The FRET data could then be used
to calculate the DP using the fit equation. The FRET calculated
averaged DPs increased from 6.6 to 11, and 18 after 35, 70, and
140 mins, respectively. These results are compared to the NMR
DPs in Figure 5c. The FRET results again align well with the
NMR end-group analysis DPs, representative of a good fit of the
Ree data, further demonstrating the robustness of the synthetic
method to measure chain conformations in crude reaction mix-
tures.
For MA, the reaction was run at 85 °C with a target DP of 125,

and aliquots were taken over reaction times ranging from 0 to
205 min with an initial monomer concentration of 1.9 m; all of
the results can be found in the Supporting Information. Specifi-
cally, 1HNMR end-group analysis gaveDPs of 3.4, 5.6, and 8.0 for
60, 120, and 205 mins, respectively (Figure S9, Supporting Infor-
mation). The GPC traces, conversion, andÐ results can be found
in Figure S10 (Supporting Information). As with oligoMMA and
oligoS, as the reaction progressed the FRET efficiency decreased
(73% at 0 min, 59% at 60 min, 45% at 120 min, and 18% at
205 min) and the Rees increased (1.6 nm at 0 min, 1.9 nm at
60 min, 2.3 nm at 120 min, and 3.6 nm at 205 min), as shown
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in Figure S11 (Supporting Information). The p(Ree) considering
the flexible chain model for oligoMA can be found in Figure S12
(Supporting Information). Additionally, Figure S13 (Supporting
Information) displays the measured Rees for all monomers in
this study (MMA, S, and MA) showing that our measurements
span the majority of the range measurable with this FRET pair-
labeled CTA, CPTP-An. Collectively, these results confirm that
our method can be extended to determineDP and Ree for various
monomer chemistries in RAFT polymerization.

3. Conclusion

In this work, we develop a facile platform to enable end group-
labeled oligomer chains with a FRET pair to directly measure
their Ree and DP in a crude reaction solution. Specifically, an an-
thracene functionalized CTA is synthesized and utilized in RAFT
polymerizations of MMA, MA, and styrene to produce donor,
acceptor end-labeled chains that could be characterized without
any post-polymerization reactions or further purification. Energy
transfer efficiencies between anthracene and the dithiobenzoate
group of the CTA of different samples can be measured in situ
during their reactions by taking aliquots and monitoring their
fluorescence emission intensities. These efficiencies could then
be used to determine the chain dimensions in solution state. We
confirm the accuracy of themeasurements by comparing theRees
to all-atom molecular dynamic simulation results. The Rees is
also used to calculate the DPs of the oligomeric samples, which
show good agreement with results from NMR end-group analy-
sis. Overall, this method allows for streamlined measurements
of chain conformation and DP of short oligomer chains without
a need for further reactions for dye labeling or purifications and
can be further extended to other systems for enabling in situ char-
acterization within crude reaction solutions.

4. Experimental Section
Materials: Methyl methacrylate (MMA, 99%), styrene (99%), methyl

acrylate (MA, 99%), 4-(dimethylamino)pyridine (DMAP, 99%), N,N’-
dicyclohexylcarbodiimde (DCC, 99%), 2,2′-Azobis(2-methylpropionitrile)
(AIBN, 98%), and 4-cyano-4-(phenyl-carbonothioylthio)pentanoic acid
(CPTP) were purchased from Sigma-Aldrich. Deuterated chloroform
(CDCl3, 99.6 atom %D) and 9-(hydroxymethyl)anthracene (AnOH, 98%)
were purchased from TCI America. Methylene chloride (DCM, Certified
ACS Reagent), toluene (Certified ACS Reagent), and hexanes (Certified
ACS Reagent) were purchased from Fisher Chemical. Tetrahydrofuran
UV (THF, HPLC grade) was purchased from Honeywell. MMA, styrene,
and MA monomers were purified with basic aluminum oxide (Sigma-
Aldrich) to remove inhibitors (4-methoxyphenol for MMA/MA and 4-tert-
butylcatechol for styrene). All other chemicals were used as received.

Synthesis of Anthracene Functionalized CTA (CPTP-An): CPTP-An was
synthesized via Steglich esterification. CPTP (600 mg, 2.1 mmol, 1 equiv.)
and AnOH (895 mg, 4.3 mmol, 2 equiv.) were added to a 25 mL round
bottom flask (RBF) with DCM to dissolve CPTP and AnOH (≈10 mL) and
was left to stir over ice for 5 min. DMAP (446 mg, 3.7 mmol, 1.7 equiv.)
dissolved in ≈1 mL of DCM was then added to the reaction mixture and
left to stir for 10 min. DCC dissolved in ≈1 mL of DCM was added to the
reaction mixture slowly over 15 min. After all of the DCC was added, the
reaction mixture was left to stir at room temperature for 48 h. The reaction
mixture was gravity filtered to remove the unreacted CPTP-DCC adduct
and CPTP-An (in the filtrate) was further purified via flash chromatography
(Biotage Isolera One with Luknova SuperSep silica prepacked columns)

using a mixture of DCM and hexane (70:30 v/v; Rf = 0.45). The fractions
collected were dried under vacuum in an oven (45 °C) for ≈12 h. The final
product was a reddish-pink solid. 1H NMR (400 MHz, CDCl3, TMS): 𝛿
(ppm) = 8.53 (s, 1 H; CH), 8.34 (d, 3J(H,H) = 8.9 Hz, 2 H; CH), 8.04 (d,
3J(H, H) = 8.4 Hz, 2 H; CH), 7.86 (d, 3J(H,H) = 8.2 Hz, 2 H; CH), 7.54
(m, 5 H; CH), 7.37 (t, 3J(H,H) = 7.7 Hz, 2 H; CH), 6.22 (s, 2 H; CH2), 2.68
(m, 2 H, CH2), 2.46 (m, 2 H, CH2), 1.87 (s, 3 H; CH3). UV-vis (toluene):
𝜆max(𝜖) = 365 nm (8528 M−1 cm−1).

Polymer Synthesis using RAFT Polymerization and CPTP-An as Chain
Transfer Agent: A typical RAFT polymerization procedure for polymer syn-
thesis using CPTP-An as chain transfer agent (CTA) was as follows: To
a 50 mL Schlenk flask, CPTP-An (40 mg, 0.0848 mmol, 1 equiv.), MMA
(849 mg, 0.903 mL, 8.48 mmol, 100 equiv.), AIBN (2.78 mg, 0.0170 mmol,
0.2 equiv.), toluene (5.65 mL), and a stir bar were added; the target MW
was 10,000 g mol−1 (corresponding to a DP of 100). The reaction mixture
was degassed through 3 cycles of freezing, vacuum pumping, and thaw-
ing to remove oxygen. The polymerization was conducted at 75 °C while
stirring and aliquots were taken with a needle/syringe at various times
ranging from 0 to 135 min. For each time interval study, a small amount
of reaction solution was taken (≈1 mL) and then cooled down to room
temperature with N2 blowing over the solution’s surface to concentrate it.
Subsequently, the aliquots were dried overnight under vacuum in an oven
at 55 °C. For the synthesis of PS and PMA, a similar polymerization pro-
cedure was performed while the reaction temperature was 100 °C for PS
([S]o = 1.5 and a target DP of 100) and 85 °C for PMA ([MA]o = 1.9 and a
target DP of 125) and used the same procedure for taking aliquots.

Characterization: Nuclear magnetic resonance (NMR) spectroscopy
was performed using a Bruker 400MHzNMRwith sample concentrations
of ≈15 mg mL−1 in CDCl3.

1H NMR experiments for CPTP-An were per-
formedwith 32 proton scans and a proton relaxation decay of 5 s. 13CNMR
experiments for CPTP-An were done with 512 scans and a relaxation delay
of 5 s. Baseline correction and analysis of theNMR spectra were performed
using TopSpin 4.0.7. Electrospray ionization time-of-flight (ESI-TOF)mass
spectrometry for CPTP-An was performed using an Agilent 6230 ESI-TOF.
UV–vis absorption spectra of all samples were recorded at room temper-
ature in toluene using a Thermo Scientific Genesys 30 visible spectropho-
tometer. Anthracene concentrations were calculated from absorbance val-
ues obtained from UV-vis spectroscopy with the Beer-Lambert law:

A = 𝜀bc (2)

whereA is the absorbance, 𝜖 is themolar absorptivity (unit: Lmol−1 cm−1),
b is the path length of the sample (1 cm), and c is the concentration (unit:
M).

For polymer samples, 1H NMR experiments were performed with 32
proton scans and a proton relaxation decay of 3 s. Polymerization reac-
tion conversions were calculated using the ratio of the DP calculated from
NMR end-group analysis to the target DP. Gel permeation chromatog-
raphy (GPC) measurements were performed for the polymers using a
TOSOH EcoSECHLC-8320 GPC with a TSKgel SuperMultiPore HZ-M. The
instrument calibration was done with a series of PS standards (PStquick
MP-M). All of the experiments were done at 40 °C. The mobile phase was
HPLC grade THF using a flow rate of 1.0 mL min−1. The sample concen-
trations were 2 mg mL−1 in THF with an injection volume of 10 μL.

Steady-state fluorescence measurements were performed with a PTI-
Horiba QuantaMaster 400 spectrofluorometer equipped with a 75 W Xe
arc lamp. Polymer sample concentrations were ≈1–3⋅10−6 M. These con-
centrations were sufficiently diluted to prevent intermolecular FRET from
occurring. The critical overlap concentration c* for the random coil in
a good solvent can be estimated using the following equation: c* =
M/NA(Ree/2),

[3,54] in which NA and M are Avogadro’s number and poly-
mer molecular weight, respectively. Using this equation, it can be esti-
mated that the c* for PS and PMMA (withMW up to 5,000 g mol−1) stud-
ied in this work is in the range of 0.1–0.2 mgmL−1 (0.02–0.04M forMW=
5,000 g mol−1). Therefore, the experimental conditions are well below the
critical overlapping concentration. For samples containing anthracene, an
excitation wavelength of 365 nm and emission spectra were collected from
380 to 540 nm.

Macromol. Rapid Commun. 2025, 46, 2400627 © 2024 Wiley-VCH GmbH2400627 (7 of 9)
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FRET Calculations: The Förster distance, Ro, is a characteristic dis-
tance for each specific FRET pair,[49] which is also the distance between
the donor and acceptor when the FRET efficiency, E, is 50%. The Förster
distance can be calculated using the following equation:

Ro = 0.211
(
𝜅2QDJ (𝜆)

𝜂4

)1∕6

(3)

where 𝜅2 is an orientation factor of the dipoles and is 0.67 for a freely
rotating donor and acceptor (in solution state), QD is the fluorescence
quantum yield of the acceptor of the donor (QD = 0.29 for An), J(𝜆) is the
area integral of the spectral overlap between the molar-normalized donor
emission and the acceptor absorption spectra, and 𝜂 is the refractive index
of the medium (𝜂 = 1.49 for toluene). To determine J(𝜆), the following
equation can be used:

J (𝜆) =
∫∞
0 FD (𝜆) 𝜀A (𝜆) 𝜆

4d𝜆

∫∞
0 FD (𝜆) d𝜆

(4)

where 𝜖A is the extinction coefficient of the acceptor (in M−1 cm−1), 𝜆
is the wavelength in the unit of nm, and FD is the wavelength dependent
donor fluorescence emission spectrum normalized to an area of 1. For this
FRET pair (anthracene and CPTP), the spectral overlap was determined to
be 1.19⋅1013 M−1 cm−1 nm.[4]

To measure the distance of FRET donor and acceptor pair, the emission
intensity was measured over 380–540 nm using an excitation wavelength
of 365 nm. The emission intensities were normalized with the molar con-
centration of anthracenemoleculesmeasured by UV-vis spectroscopy. The
FRET efficiency can then be calculated using the following equation:

E = 1

1 + (r∕Ro)6
= 1 −

IDA
ID

(5)

where IDA and ID are the total donor fluorescence emission intensity (mo-
lar concentration normalized) in the presence and absence of the acceptor,
respectively, and r is the distance between the donor and acceptor.

Once the FRET efficiency has been measured, the distance (Ree) be-
tween the donor and acceptor, located on respective polymer chain ends,
can be calculated using the following equation:

E =
Ree, max

∫
Ree, min

p (Ree)
R6o

R6o + R6ee
dRee (6)

where Ree is the average end-to-end distance of the polymer chains and
p(Ree) follows the flexible chain model with the equation described as be-
low:

p (Ree) = 4𝜋r2
(

3
2𝜋Nb2

)3∕2
exp

(
− 3
2

R2ee
Nb2

)
(7)

where N is the total amount of chain segments and b is the Kuhn length
of the polymer.
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