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Carborane RAFT Agents as Tunable and Functional Molecular 
Probes for Polymer Materials 
Marco S. Messina,*a Christian T. Graefe,c Paul Chong,a,e Omar M. Ebrahim,a Ramya S. Pathuri,a 
Nicholas A. Bernier,a Harrison A. Mills,a Arnold L. Rheingold,d Renee R. Frontiera,*c Heather D. 
Maynard,*a,b and Alexander M. Spokoyny*a,b

Functional handles appended to polymer chain ends are important tools often used as spectroscopic probes for 
determining polymer structure, affinity labels, and as reactive handles for the conjugation of functional payloads. An easily 
tunable molecular handle able to carry out multiple functions simultaneously would be of significant use at the polymer, 
materials, and biology interface. Here, we report the development of carborane-containing chain transfer agents (CTAs, 
commonly referred to as RAFT agents) which are used in reversible addition-fragmentation chain transfer (RAFT) 
polymerization. These carborane RAFT agents establish control over polymerization processes leading to monodisperse (Đ 
= 1.03-1.15) polymers made from N-isopropylacrylamide, styrene, 4-chlorostyrene, and methyl acrylate monomers. The 
tunable nature of the carborane-based scaffold appended on the polymer chain end serves as a general 1H NMR 
spectroscopic handle, which can be used to elucidate polymer molecular weight via end-group analysis. Isothermal 
titration calorimetry (ITC) measurements show that synthesized carborane terminated polymers exhibit strong binding to 
β-cyclodextrin with an affinity (Ka) of 9.37x104 M-1, thereby demonstrating its potential use as an affinity label. 
Additionally, we show that the free B-H vertices on the carborane RAFT agents exhibit a Raman vibrational signal at ~2549 
cm-1, a Raman-silent region for biological milieu, indicating its potential utility as an innate Raman active probe. The 
reported carborane RAFT agents bolster the expanding toolbox of molecular probes and serve as tunable platforms for 
incorporating additional and complementary handles for tailoring chain-end functionality and facilitating polymer analysis.

Introduction

There exist myriad molecular tools employed at the interface 
of polymer chemistry and biology to help elucidate the 
structure and/or functions of molecules. These tools come in 
the form of small molecule probes, affinity labels, and 
spectroscopic handles frequently applied to polymer chain 
ends.1-10 Conjugation of such tools to polymer end groups is 
typically performed through rational design of polymer 
initiators or chain transfer agents, which are retained on the 
ends of polymers made from controlled polymerization 

processes.11-19 Specifically, RAFT polymerization is a versatile 
method used to obtain polymers of uniform molecular 
weight.20-23 This method has gained widespread attention due 
to its broad monomer scope, solvent compatibility, and ease of 
constructing well-defined macromolecular architectures, such 
as block co-polymers and brush polymers.22, 24 Key to this 
method is the use of the RAFT agent (Figure 1).25-28 

Figure 1. (A) Structures of frequently utilized chain transfer agents in RAFT 
polymerization. (B) Introduction of carborane RAFT agents as multi-purpose 
functional molecular probes and affinity label. 
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The RAFT agent confers control over polymerization 
processes through a reversible radical chain transfer reaction 
to and from the thiocarbonyl moiety. By greatly reducing the 
amount of active radicals capable of polymerization, thereby 
decreasing unwanted termination pathways, polymers with 
narrow molecular weight distributions are formed.26, 27 RAFT 
agents are comprised of thiocarbonylthio compounds, 
common classes of which include dithioesters, xanthates, 
trithiocarbonates, and dithiocarbamates (Figure 1A).26, 27, 29 
The RAFT agent structure can be conceptually split into two 
parts wherein the “Z” group modulates the rates of addition 
and fragmentation during reversible chain transfer on the 
thiocarbonyl carbon and determines the stability of the 
intermediate radical, and the “R” group functions to re-initiate 
polymerization of another monomer upon homolytic cleavage 
from the RAFT agent structure (Figure 1A).26, 30 Both the R and 
Z groups are incorporated on the polymer chain end upon 
termination. As a result, the structure of the RAFT agent is 
often tailored to serve as a functional handle and/or probe for 
characterization.2, 5, 31, 32 Some examples of functional handles 
include the use of carboxylic acid, succimidyl ester, azide, 
maleimide, aminooxy, or pyridyl disulfide functionalized RAFT 
agents, which serve as conjugation sites for molecular cargo 
such as fluorescence tags, affinity labels, and biomolecules.2, 7, 

14, 15, 33-42 Trimethylsilyl (TMS) substituted RAFT agents have 
also served as spectroscopic handles in the determination of 
polymer molecular weight via 1H NMR spectroscopy.5 

While these functional RAFT agents are able to perform 
one or two tasks, tunable and stable RAFT agents capable of 
performing multiple tasks simultaneously while retaining 
modularity are rare. We envisaged ortho-carborane 
functionalized RAFT agents as being ideally suited to interface 
many different applications through their ability to act as 
spectroscopic probes, easily modifiable molecular conjugation 
sites, and as affinity labels. Icosahedral carboranes (C2B10H12) 
are boron-rich molecules which exhibit 3-dimensional (3D) 
electron delocalization non-uniformly due to the addition of 
carbon atoms within the cluster.43, 44 Carboranes are highly 
tunable, boasting multiple B–H vertices which are amenable to 
functionalization with a wide array of substituents through 

well-established methodology.45-52 Due to the unique 
electronic character of ortho-carborane, substituents attached 
to boron at the vertices most distal to the carbon atoms 
experience a strong electronic shielding effect which results in 
a low chemical shift (methyl C–H ≈0.2 ppm) in the 1H NMR 
spectrum (Figure 1B).52-54 The hydrophobic nature of 
carboranes allows them to bind into hydrophobic spaces 
within proteins and cell membranes, adding potential for their 
use as affinity labels.55-58 Additionally, the B–H vibration 
resonates at ~2350-2600 cm-1, a silent region in Raman spectra 
of biological milieu, and unique amongst other commonly used 
Raman tags, such as alkynes and nitriles, which vibrate at 
~2000-2300 cm-1 (Figure 1B).59 Herein, we present a new class 
of functional RAFT agents containing an ortho-carborane 
scaffold. We demonstrate their ability to serve as tunable 
Raman active molecular probes (Figure 1B), spectroscopic 
handles for determination of molecular weight via 1H NMR 
spectroscopy, and as affinity labels through β–cyclodextrin 
binding as judged by isothermal titration calorimetry (ITC) 
studies. 

Results and Discussion
Synthesis of RAFT Agents, Polymerization, and their use as 1H 
NMR Spectroscopy Handles

Figure 2. (A) Synthetic scheme for the preparation of carborane RAFT agents 1 
and 2. (B) Solid-state crystal structure of 1, hydrogen atoms omitted for clarity.

We developed a facile and scalable synthetic method towards 
carborane-functionalized RAFT agents (Figure 2A). Treatment 
of a lithiated o-carborane slurry in tetrahydrofuran (THF) with 
carbon disulfide (CS2) at 0 °C resulted in the formation of a 
dark red mixture indicating the formation of a sulfide anion 
which was trapped upon addition of 1-chloro-1-phenylethane 
to form 1 (Figure 2A). Following column chromatography and 
crystallization from a saturated solution of CH2Cl2 layered with 
pentane, 1 was isolated as an orange crystalline solid in 60% 
yield. Single crystals of 1 were grown and subjected to X-ray 
crystallographic analysis confirming the structural identity of 
this compound (Figure 2B). We employed 1 in our preliminary 
polymerization attempts using styrene as the model substrate 
due to the monomer similarity with the R-group of 1 (Figure 
3A).26

Figure 3. (A) Thermal polymerization of styrene utilizing either 1 (produces 
polymer 1-PS) or 2 (produces polymer 2-PS) as the RAFT agent. (B) Kinetic 
analysis for 1-PS polymerization exhibits first-order kinetics. (C) Evolution of Mn 
as a function of monomer conversion for 1-PS polymerization. (D) Table 
comparing molecular weight determined by 1H NMR spectroscopy and GPC of 
polymerizations using 1 as the RAFT agent to produce 1-PS or 2 to produce 2-PS. 
Polymerization performed in bulk styrene solution. (E) GPC curves of 2-PS 
depicting experiments performed with different equivalents of monomer to CTA 
(red and black traces) as well as a control in which no CTA is added (blue trace). 
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Polymerization was carried out in bulk styrene solution and stopped after 4 
hours.

Polymerization of styrene using 2,2’-azobisisobutyronitrile 
(AIBN) as the thermal initiator and 1 resulted in nearly 
monodisperse (Đ = 1.07-1.15) polystyrene (1-PS), as 
determined by gel permeation chromatography (GPC), the 
length of which was controlled by varying the loading of 1 
(Figure 3A, see Figure S11 for GPC traces). Polymerization 
using 1 exhibits first-order kinetics and a linear evolution of 
number average molecular weight (Mn) versus conversion, 
highlighting the controlled nature of the polymerization and 
demonstrating the utility of carborane-based CTAs in RAFT 
processes (Figure 3B and 3C). Control experiments in the 
absence of 1 resulted in highly disperse (Đ = 3.00) polymers 
indicating loss of control over the polymerization process as 
expected (See Figure S11). The cage C–H proton of 1 exhibits a 
diagnostic chemical shift (~4.8 ppm, Figure 3A) which does not 
overlap with any polystyrene 1H NMR resonances. To 
investigate the potential usefulness of carboranes to act as 
spectroscopic probes to accurately determine Mn, we used this 
highly diagnostic resonance to determine the number average 
molecular weight (Mn) via end-group analysis using 1H NMR 

spectroscopy. Integration of the carborane C–H proton with 
the aryl protons of polystyrene resulted in Mn readings which 
deviated drastically with the Mn values determined by GPC 
with a multi-angle light scattering (MALS) detector (Figure 3D, 
see SI for dn/dc values). It is possible to lose the carborane due 
to its location at the Z group, which would also increase the 
apparent molecular weight by NMR. However we were unable 
to find appropriate synthetic conditions to place the carborane 
at the R group (data not shown). But more likely this deviation 
is due to the inherent broadness of the carborane cage C–H 
proton resonance which leads to a higher inaccuracy in Mn 
determination as the polymer length increases, as is typical for 
most end groups used for end-group analysis (Figure 3D, 1-PS; 
Figure S12). Additionally, the resonance at 4.8 ppm is not 
located in a generally silent region in most polymer samples, 
which would eliminate its use as a spectroscopic handle for 
other types of polymers.

To bypass these complications, we synthesized a carborane 
derivative bearing methyl groups on the B(9) and B(12) 

vertices (opposite to those of the carbon atoms) to take 
advantage of the electronic shielding effect of substituents 
attached on the B(9) and B(12) vertices, which results in 
upfield chemical shifts of exohedral methyl proton resonances 
in 1H NMR spectra and sharper signals.52, 53, 60 Synthesis of 2 
was carried out in a similar manner to that of 1 (Figure 2A). 
Compound 2 was isolated as a dark orange oil in 69% yield 
after purification via column chromatography and removal of 
the benzyl chloride precursor by heating under reduced 
pressure (100 mTorr, 95 °C; Figure 2A; See SI for detailed 
synthetic procedures). Indeed, the proton signals of the B(9) 
and B(12) methyl substituents resonate in a characteristic 
region of the 1H NMR spectrum (~0.2 ppm, See SI). This 
provides a unique spectroscopic handle as the protons are 
sufficiently separated from resonances, which may overlap 
and make for inaccurate Mn determination via end-group 
analysis. 

Polymerization of a bulk solution of styrene in the presence 
of 2 and AIBN produced well-defined (Đ = 1.05–1.06, Figure 3D 
and 3E) polystyrene (2-PS) bearing 2 on the chain end as 

Figure 4. (A) Polymerization of methyl acrylate, 4-chlorostyrene, and N-isopropylacrylamide. (B) GPC traces for 2-pNIPAAm, 2-(4-Cl)-PS, and 2-PMA at different 
monomer to CTA ratios. (C) Table depicting results from polymerization experiments performed in bulk reaction conditions and in solvent. aPolymerizations were 
performed in 2 M solvent conditions. bTheoretical Mn values were calculated via 1H NMR using tetralin as an internal standard.
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determined by 1H NMR after polymer purification via 
precipitation from a cold (0 °C) methanol solution (See SI for 
characterization of all polymers). To test the accuracy of this 
method, we made polystyrene using different equivalents of 2 
(2.45 and 4.35 kDa, Figure 3D and 3E), determined their Mn 
values via end-group analysis using 1H NMR spectroscopy, and 
compared the results with those of molecular weight readings 
measured via GPC. In all instances, the Mn values measured 
with GPC matched closely with the molecular weight 
determined by 1H NMR spectroscopy (Figure 3D, 3E, see 
Figures S14, S16, S19, and S22 for example of calculations). 

We next sought to determine the applicability of 2 with a 
range of monomers. Matching the “R” and “Z” groups of the 
RAFT agent to the monomer is vital for controlled RAFT 
polymerization. As this is the first example of a carborane RAFT 
agent, we sought to match the R-group with the appropriate 
monomer classes. We tested N-isopropyl acrylamide, methyl 
acrylate, and 4-chlorostyrene monomers since the reactivity of 
the benzyl R-group on 2 matches with those monomers.26 

Polymerization of 4-chlorostyrene and N-isopropyl acrylamide 
under thermal polymerization conditions in the presence of 2 
and AIBN produced polymers with narrow molecular weight 
distributions, but with high molecular weight shoulders in the 
GPC spectra, indicating some polymer coupling (2-pNIPAAm 
and 2-(4-Cl)-PS, Figure 4A and 4B). Polymerization of methyl 
acrylate produced monodisperse polymers containing 2 on the 
polymer chain ends (2-PMA, Figure 4A-C and S25). The Mn 
determined by 1H NMR spectroscopy matches closely with the 
Mn determined by GPC for a range of polymer sizes (Figure 4B 
and 4C). Impressively, the methyl C–H protons on carborane 
are readily visible on the 1H NMR spectrum and are competent 
spectroscopic handles to accurately determine Mn even at 
polymer molecular weights up to 30 kDa (Figure 4C, entry 9, 
and Figure S21). It should be noted that we observe a 
significant disagreement between the theoretical and 
observed polymer Mn values for 2-(4-Cl)-PS and 2-PMA when 
polymerized in bulk reaction conditions (Figure 4C, entries 4-
9), yet the dispersities remain narrow. This is also apparent in 
bulk polymer kinetic experiments, which indicate a loss of 
control over the course of the polymerization (Figure S32). The 
disagreement between theoretical and observed Mn values 

with maintenance of low molecular weight dispersity has been 
observed in previous reports detailing the RAFT polymerization 
of acrylamides.61, 62 However, we find that polymerization in 
solvent (2M) leads to better agreement between both 
theoretical and observed Mn values for 2-PMA (Figure 4, 
entries 10-14). Control is also maintained over the course of 
polymerization in solvent in the kinetic plots (Figure S34 and 
S35). This demonstrates that for these monomers the 
polymerization should be conducted in solution rather than 
the bulk phase.  

The dithioester carborane end-group allows for a high 

degree of end-group functionality and tunability and can be 
easily removed or modified after polymerization.32, 63, 64 We 
prepared pNIPAAm derivatives in which the carborane end-
group was removed or deboronated (vide infra) to serve as 
controls for binding studies and to also investigate the 
properties invoked by having a nido-carborane terminated 
polymer. The carborane end-group of 2-pNIPAAm was 
removed via aminolysis, thereby leaving an exposed thiol at 
the polymer end.63 Despite our use of tributylphosphine to 
eliminate disulfide formation over the course of the 
deprotection reaction, we observed polymer coupling by GPC 
analysis (Figure S36).65 In order to avoid disulfide formation, 
we introduced 2-hydroxyethylacrylate which undergoes 
Michael addition with the exposed thiol thereby attaching 
onto the end of the polymer and preventing polymer coupling 
(Figure 5A).66 The deprotection reaction was monitored via 
UV-Vis spectroscopy by the disappearance of the dithioester 
absorption band at ~319 nm (Figure 5B). Complete removal of 
the carborane end-group could also be visualized by 1H NMR 
spectroscopy after polymer purification by the disappearance 
of the carborane methyl proton signals at 0.2 ppm.

Deboronation is the partial degradation of the carborane 
cage where one of the cage boron atoms is stripped away 
through the use of a strong base. This leads to the formation 
of an anionic nido-carborane species [7,8-C2B9H12]-.67 Having 
the monoanionic nido-carborane at the polymer end lends 
potential to interesting self-assembly properties as the 
polymer is rendered amphiphilic. Additionally, nido-carborane 
is used frequently to bind metal ions thereby forming 
metallacarboranes.68, 69 One can envisage the binding of metal 

Figure 5. (A) Modification of carborane dithioester end-group of pNIPAAm. The end-group can either be removed via aminolysis and end-capping or the 
formation of nido-carborane can be achieved via deboronation of carborane using a 0.05 M solution of TBAF in THF. (B) The end-group modification can be 
followed by UV-Vis spectroscopy. The disappearance of the absorption band at 319 nm indicates the loss of the dithioester. Formation of an absorption band at 
375 nm along with a shift in the absorption of the dithioester indicates deboronation of carborane.  

Page 4 of 9Polymer Chemistry



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins

Please do not adjust margins

ions in this system to synthesize block co-polymers and other 
higher order macromolecular architectures.70 Preparation of 
nido-carborane terminated pNIPAAm (nido-2-pNIPAAm) was 
carried out by stirring 2-pNIPAAm in a solution of 0.05 M 
tetrabutylammonium fluoride (TBAF) in THF (Figure 5A).71 We 
were unable to follow deboronation by 11B NMR or 13C NMR 
due to the large size of the polymer relative to the carborane 
end-group. However, over the course of the reaction we 
noticed a diagnostic resonance corresponding to the formed 
hydride in the 1H NMR spectrum at -2.1 ppm (Figure S38). We 
also followed deboronation by the appearance of a new UV 
band at ~375 nm as well as a shift of the dithioester absorption 
band (Figure 5B).

Binding Studies with Polymers Terminated with Functional 

Carborane Handles

Affinity tags such as biotin are frequently exploited within the 
chemical biology community in purification and detection 
strategies such as in tandem orthogonal proteolysis-activity-
based protein profiling (TOP-ABPP) and enzyme-linked 
immunosorbent assay (ELISA).72, 73 To probe the ability of 
carborane appended onto a polymer chain to act as an affinity 
tag, we investigated the binding of 2-pNIPAAm, nido-2-
pNIPAAm, and 3 to β–cyclodextrin, a cyclic molecule 
composed of seven α-D-glucopyranoside units. The 
hydrophobic inner cavity of β–cyclodextrin is well-suited for 
the incorporation of hydrophobic guests thereby forming host-
guest inclusion complexes through non-covalent bonding 
interactions. Carboranes are known to form 1:1 and 2:1 
inclusion complexes with β-cyclodextrin exhibiting association 
constants (Ka) as strong as ≈ 106 M-1.74-78 Previous studies have 
shown this interaction as a means to solubilize carborane 
scaffolds in aqueous solutions and for the immobilization of 
biomolecules on surfaces.79, 80 

We measured binding of 2-pNIPAAm to β-cyclodextrin via 
isothermal titration calorimetry (ITC) in MilliQ water. A 
solution of a known concentration of β-cyclodextrin was 
titrated into a solution of 2-pNIPAAm. Based on the titration 
curve, we calculated a Ka of 9.37 x 104 M-1 which agrees with 
previous literature reports of free carborane binding in the 
hydrophobic pocket of β-cyclodextrin (Figure 6A). An N=0.5 
value was also calculated, which is indicative of a 2:1 binding 
of carborane to β-cyclodextrin. While the binding of two 
carborane groups into β-cyclodextrin has not been reported, it 
is possible that the substituents on the carborane end-group of 
2-pNIPAAm block full incorporation of one carborane unit into 
β-cyclodextrin thereby allowing room for a second unit to 
partially bind. We were unable to perform the reverse titration 
due a lack of solubility of 2-pNIPAAm in water at high 
concentrations.

We observed a negligible amount of binding (N=0.06) when 
we carried out similar ITC studies with nido-2-pNIPAAm 
(Figure 6B). While the binding of nido-carboranes to β-
cyclodextrin has not been studied, nido-carborane drug 
derivatives were shown to bind in the hydrophobic sub-
pockets of the proteins carbonic anhydrase (CA) and 
cyclooxygenase-2 (COX-2).81, 82 It is likely that in this instance, 
the bulkiness of the TBA+ counterion does not allow for 
binding of nido-2-pNIPAAm in the hydrophobic β-cyclodextrin 
pocket. Likewise, compound 3 does not exhibit any detectable 
binding, highlighting that only polymer samples terminated 
with carborane end-groups can undergo self-assembly 
processes thereby emphasizing their potential application in 
affinity labeling (Figure 6C).  

Carborane CTA for use in Raman Spectroscopy and Self-Assembly 
Processes

Figure 6. (A) ITC curve of a 0.1 mM solution of 2-pNIPAAm titrated into a 1.06 mM β-cyclodextrin solution shows 2:1 binding (N=0.5). (B) ITC curve of nido-2-
pNIPAAm shows only minimal binding (N=0.06) which can be attributed to small amounts of 2-pNIPAAm still present in solution. The inability of nido-2-
pNIPAAm to bind to β-cyclodextrin can possibly be attributed to the bulkiness of the TBA+ counterion present on the polymer chain end. (C) ITC curve of 3 and 
β-cyclodextrin shows no observable binding.
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Raman spectroscopy, especially stimulated Raman 
spectroscopy (SRS), is emerging as a powerful technique for 
use in bioimaging.83 Although fluorescence techniques still 
remain ubiquitous, there are many inherent limitations which 
include photobleaching of small molecule dyes, which shortens 
their lifetimes, and the need to use external chemical or 
photophysical stimuli which could damage biological 
samples.83 Raman spectroscopy bypasses these limitations by 
relying on the inherent molecular vibrations in samples. Label-
free Raman spectroscopy has been utilized in the analysis of 
biological samples, primarily investigating bond vibrational 
signals in the fingerprint (500–1700 cm-1) region as well as 
higher regions (2800–3200 cm-1).83 However, there is a need to 
develop Raman active labels as a way to overcome limitations 
with label-free analysis which include difficulty in 
differentiating signals within biological media, weak signal-to-
noise ratios, and the inability to track molecules within 
samples. Because the B–H vibrational signal (~2350–2600 cm -

1) of carborane compounds appear in silent regions within the 
Raman spectra of biological samples (~1740–2800 cm-1), they 
are ideally suited to serve as bioorthogonal molecular probes 
for Raman applications.59, 83

Figure 7. (A) Representative Raman spectrum of 1-pNIPAAm thin film indicating B-H 
Raman signal at 2549 cm-1. (B) Film-edge Raman scan of a 1-pNIPAAm thin film 
showing Raman activity only in areas where the polymer is present. Inset: optical image 
of the thin film analyzed, the blue line denotes the region scanned.

We first analyzed the polymers via infrared spectroscopy 
and found that despite the carborane only accounting for 144 
Da of polymers ranging 2,000 to 6,000 Da, we still observed 
the B–H vibrational signal (Figures S39 and S40). To 
demonstrate the potential utility of carborane terminated 
polymers to act as probes for Raman imaging, a thin film of 1-
pNIPAAm on a glass substrate was scanned using spontaneous 
Raman scattering. The B–H vibration occurs at a unique 
frequency (2549 cm-1) that is isolated from the C–H stretch 
region in a Raman-silent of biological samples (Figure 7A). We 
also drop-cast a thin-film of 1-pNIPAAm on a quartz substrate 
and performed a Raman scan at the edge of the film. A 
significant Raman amplitude at 2549 cm-1 is observed only in 
areas where the thin film is present, the amplitude quickly 
drops off when scanning over areas where the 1-pNIPAAm 
film is absent (Figure 7B). The intensity of the B–H Raman 
vibration is also worthy to note in this application, with an 
estimated cross section per bond that is 3 times that of a 

typical C-H stretching mode cross section (SI). This experiment 
therefore demonstrates the potential utility of the B–H 
vibrational stretches inherent to carboranes for Raman 
imaging in polymer materials made via controlled 
polymerization. 

Conclusions
In summary, we present the utilization of tunable carborane 
functionalized RAFT agents. We investigated their ability to 
control polymerization processes of multiple monomer classes, 
and to serve as universal 1H NMR spectroscopic handles, 
affinity labels, and Raman active molecular probes. We were 
able to accurately determine polymer molecular weight via 
end-group analysis using 1H NMR spectroscopy. ITC studies of 
carborane terminated pNIPAAm samples showed a 2:1 
(carborane: β-cyclodextrin) binding with a Ka value of 9.37 x 
104 M-1. Similar studies using nido-carborane terminated 
pNIPAAm and pNIPAAm samples without carborane end-
groups showed no binding to β-cyclodextrin.  Additionally, the 
B–H bonds on carborane are able to act as a Raman active 
spectroscopic probes with a vibrational signal (2350-2600 cm-

1), a Raman silent region of biological samples. This new class 
of RAFT agents adds to the expanding chemical toolbox 
available to biologists, chemists, and materials scientists while 
providing a new avenue of study at the intersection of main-
group chemistry and polymer materials.84-89
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