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 A new strategy is constructed for estimating and screening pKa 

values among different carbon acids under ambient conditions via 

the UV-vis absorption spectrum of persistent radical pair 

originating from an N-substituted naphthalimide (NNI) derivative in 

the presence of various carbanions in organic solutions.  

Knowing the pKa value of a deprotonatable carbon atom 

attached to a functional group (CHXRY, X>0, a carbon acid, CA) is 

critical in organic chemistry since it foretells the reactivity and 

selectivity of reactions participated by the -carbon. Over the 

past century, a plethora of experimental techniques, including 

potentiometry,1,2 spectrometry,3-5 conductometry,6,7 

electrophoresis,8,9 nuclear magnetic resonance (NMR),10,11 

voltammetry,12,13 high performance liquid chromatography 

(HPLC),14,15 fluorometry,16-18 and more recently, theoretical 

calculations,19,20 have been employed to measure or estimate 

pKa. Among these techniques, the UV-vis spectrometry method, 

similarly to pH indicators, is particularly favoured due to its wide 

accessibility, high throughput, and easy operation for non-

experts. 

In organic solvents, however, measuring the pKa value of CAs 

can be very challenging, mainly due to the complicated 

preparation in non-aqueous environments. Usually, a coloured 

indicator acid (InA, e.g., fluorene anion, pKa = 22.6 in DMSO21,22) 

of known acidity is used, the pKa of which cannot differ by two 

units compared to that of the CA to be measured. For this 

specific reason, numerous InAs must be first selected and a 

guess must be made on the pKa value of the target CA. 

Furthermore, most of the InA ions readily oxidize in the 

presence of oxygen and quench in water so that the whole 

experimental has to be performed in a concealed environment, 

which significantly reduces its usefulness. Consequently, a fast 

screening of pKa values, sufficient for most organic reactions, is 

not economical with this method and a more convenient one 

that can be operated in ambient conditions is highly desired. 

Here we propose a potential method that can quickly estimate 

the pKa range of a CA in organic solvents with good relative 

accuracy. Most importantly of all, the conditions are relatively 

mild which can dramatically speed up the screening process. 

The application is based on our recent discovery that when an 

organic anion, such as a carbanion, comes in close contact with 

an electron-deficient aromatic compound, such as N-

substituted naphthalimide (NNI), a persistent radical pair (PRP) 

forms.23 The pair apparently lacks reactivity towards any 

reactions generally involving anions or radicals in the ambient 

condition. More interestingly, the PRP exhibits an absorption 

spectrum in the visible range. Based on the observation, we 

reason that the energy of the PRP absorption should be 

dependent on the energy of carbanion if the aromatic acceptor 

is kept unchanged. As a result, it is possible that various CAs in 

basic condition exhibit different absorption patterns which are 

related to the energy difference of the carbanions formed. Since 

the electronic potential energy of the carbanion is also related 

to their pKa values, it is believed that there is the possibility that 

some kind of correlation may be found between the pKa of the 

CA and the absorption spectrum of the PRP (Scheme 1). 

To test the hypothesis, a series of CAs with published pKa24-27 

values are first selected with photos showing various colours in 

DMSO solutions in the presence of NNI-Br and excess t-BuOK 

(Fig. 1a), resulting from the formation of PRPs. The detailed   

experiments are described as follows: To DMSO solution (20 mL) 

of CAs (2.510-4 mol/L) was added t-BuOK (200 mg), followed 

by adding NNI-Br (equivalent molar ratio vs. CA) into the system. 

The stock solutions of DMSO were the subject to EPR 

experiments as recently established, which give rise to 

conspicuous EPR signals, indicative of the formation of radicals 

(Fig. 2). It is noteworthy that the lifetimes of as-prepared 

carbanion radicals are over 15 days. 

 As can be expected, the single-electron transfer process 

readily takes place between a deprotonated CA donor (or 

carbanion) and the NNI-Br acceptor and gives rise to a coloured 

solution as has been recently verified in both intramolecular 

and intermolecular systems. However, it is the first time that we 

have ever observed the dramatical difference in colour 

variations among different CAs, further confirming that the 

resulting species posting charge transfer are donor-acceptor 

radical pairs instead of isolated NNI radical anions, which should 

in theory have given an identical colour. The representative UV-

vis absorption spectra of these radical pairs are shown in Fig. 1b 

(Table S1). The result reveals more than one absorption peaks 

could be recorded for every different CA (it has to be noted that 

CAs instable in the presence of cyano group, such as 3-

trifluoromethyl benzyl cyanide, are excluded from the 

experiment, given we noticed a visual colour change over time, 

Fig. S1). While the spectra may be complex for direct 

Scheme 1. Reprehensive protocol to correlate pKa of a carbon acid with the 

electronic paramagnetic resonance (EPR) and absorption spectrum. 

Carbon Acid                             Persistent Radical Pair          Visible-light Absorption

EPR spectrumt-BuOK
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interpretation, it was noted that the absorption maximum for 

the most red-shifted band appears to be correlated to the pKa 

value of the CA used. A closer examination, shown in Fig. 1c, by 

plotting the increasing energy of the absorption of the 

maximum of the reddest band (in cm-1) against the descending 

pKa value of the CA, reveals a roughly linear dependence within 

a specific range (~10 pKa units). The linear relationship deviation 

is caused by the absorption overlap (470-480 nm) between 

carbanion radicals and NNI-Br (Fig. S2). To demonstrate that the 

visible-light absorptions (over 450 nm) originate from the 

carbanion radical pair, the UV-vis absorption spectra of the CA 

and t-BuOK in DMSO in the absence of NNI-Br were collected 

(Fig. S3). The results confirm the absorption over 450 nm does 

not solely derive from CA carbanion, which further indicates 

that absorption in the visible range is mainly contributed by 

PRPs.  While the contributing factors can be complicated, a 

simplified model is proposed (Fig. 1d) to explain the main cause 

of the linear dependence. In Fig. 1d, the basic concept of 

molecular orbital (MO) theory is employed, where the solid 

lines represent half-occupied MOs, the double arrows 

represent an electron with an indeterminable spin state, and 

the coloured single arrows stand for the optical absorption 

process. In order for the electron transfer to happen 

spontaneously, the energy of the carbanion must be higher than 

that of the NNI acceptor. After electron transfer occurs, the two 

electrons on the donor and acceptor, respectively, are 

"bonded" via the spin-pairing interactions. However, the energy 

difference between the "bonding state" and "anti-bonding 

state" should be related to the carbanion, i.e., a large energy 

disparity between the carbanion and NNI-Br should lead to 

smaller splitting which gives rise to more red-shifted electronic 

absorption in spectroscopy. 

Fig. 1 (a) Chemical structures of CAs and NNI-Br; the numbers below the 

structures is the corresponding pKa values in DMSO; inset: digital photos of 

related carbanion radicals in DMSO after combination of CAs and NNI-Br. (b) 

UV-vis absorption spectra of PRPs in the presence of various CAs; red arrow 

represents shift tendency of the reddest absorption maximum. (c) Linear 

fitting Plotting of pKa and wavenumber. (d) Schematic illustration for 

explaining linear dependence between the absorption energy and pKa value. 
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Fig. 2 Liquid-phase EPR spectra of carbanion radicals originating from CAs and 

NNI-Br in the presence of t-BuOK.

450 500 550 600 650 700
0.0

0.5

1.0

1.5

2.0
 22.7

 22.8

 23.5

 23.6

 23.8(Cl)

 23.8(Br)

 24.5(F)

 24.5(Ph)

 24.7

A
b

s
o

rp
ti

o
n

 I
n

te
n

s
it

y

Wavelength (nm)

(a)

(b) (c)

1.70 1.72 1.74 1.76 1.78 1.80
22.5

23.0

23.5

24.0

24.5

25.0

p
K

a

1/l (10-3 nm-1)

Fig. 3 Chemical structures of CAs and NNI-Br; the numbers below the 

structures is the corresponding pKa values in DMSO; inset: digital photos of 

related carbanion radicals in DMSO after combination of CAs and NNI-Br. (b) 

UV-vis absorption spectra of PRPs in the presence of various CAs; red arrow 

represents shift tendency of the reddest absorption maximum. (c) Linear 

fitting Plotting of pKa and wavenumber. 
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Next, to test whether such a method could exhibit any 

resolution within very close pKa values, we then chose a series 

of nine well-documented aromatic -ketones whose pKa values 

are already published in the literature (Fig. 3a).26 The ketones 

were subject to the same experimental condition as well: 200 

mg t-BuOK was added into a DMSO solution with the target -

aromatic ketone concentration of 2.5×10-3 mol/L and 

equivalent NNI-Br as acceptor was added into the system. In this 

case, the UV-vis absorption spectra in DMSO are relatively 

similar to one another with one major absorption band in 

between 400-500 nm and a red-shifted shoulder peak beyond 

550 nm (Fig. 3d, Table S2), which is used as the energy value to 

plot against pKa of the aromatic ketone (Fig. 3c). The correlation 

is roughly linear except for an anomaly point for 4-

trifluoromethyl acetophenone with a published pKa value of 

22.7. At this point, it is not immediately obviously why this 

particular ketone deviates more significantly from the others. It 

is possible that the value is also within the error range due to 

the very close pKa values and absorption maxima.  

In conclusion, the UV-Vis absorption spectrum of an NNI 

derivative in the presence of various carbanion radicals in 

organic solutions was found to be highly dependent on the pKa 

value of CA, which was proposed as a potentially useful method 

to help organic chemists estimate, compare or fast screen pKa 

values among different carbon acids under ambient conditions. 

This simple design method opened a new door to pKa 

measurement. 
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