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We report a photodetachment and high-resolution photoelectron imaging study of cold deprotonated
2-hydroxypyrimidine anions, C4H3N,0~. Photodetachment spectroscopy reveals an excited dipole-
bound state (DBS) of C4H;N,0~ with a binding energy of 598 +5 cm™! below the detachment threshold
of 26,010 +5cm . Twenty vibrational levels of the DBS are observed as resonances in the photodetach-
ment spectrum, with three below the detachment threshold and seventeen above the threshold. By tun-
ing the detachment laser to the above-threshold vibrational resonances, highly non-Franck-Condon
photoelectron spectra are obtained. Nine fundamental vibrational frequencies are resolved, including
six symmetry-forbidden modes. The 598 cm~! binding energy for the DBS is quite high due to the large
dipole moment of the C4,H3N,O" radical (>6 D). However, no evidence of a second DBS is observed below
the detachment threshold.
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1. Introduction

Neutral molecules possessing large dipole moments can bind an
excess electron in a diffuse orbital to form dipole-bound anions
[1,2]. Fermi and Teller [3] first predicted a minimum dipole
moment of 1.625 D for a point dipole to bind an electron. Subse-
quent studies by considering the rotational effects in real mole-
cules increased the critical dipole moment up to 2.0 D [4-6]. A
more realistic estimate of 2.5 D is commonly accepted, according
to practical experimental observations [7,8]. Ground-state dipole-
bound anions have been produced via Rydberg electron transfer
[7-10] and low-kinetic-energy electron attachment under super-
sonic expansion [11-13], and their weakly-bound nature has been
confirmed by field detachment [7-10] and photoelectron spec-
troscopy (PES) [11-13]. Valence-bound anions with dipolar neutral
cores can support dipole-bound states (DBS’s) just below the elec-
tron detachment threshold as excited states of the anions, which
have been observed as resonances in photodetachment cross sec-
tions [14-18] and investigated via high-resolution photodetach-
ment spectroscopy [16-18]. Dipole-bound states have been
suggested to act as a “doorway” to the formation of valence-
bound anions [19-21]. Excited DBS’s have also been observed in
solvated I~ as charge transfer to solvent states [22-24]. Interest-
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ingly, DBS’s have also been postulated as potential carriers of the
diffuse interstellar bands in astrophysics [25-27].

Autodetachment from selected vibrational levels of an excited
DBS was first observed in cryogenically-cooled phenoxide anions
[28]. Mode-specific autodetachment was observed, leading to
highly non-Franck-Condon resonant PE spectra, due to the
Av = —1 propensity rule [29,30]. DBS’s as near-threshold excited
states have been observed in a number of cryogenically-cooled
anions [31-35] and used to obtain resonant PES. Violation of the
Av=—1 propensity rule has been observed, particularly for
low-frequency vibrational modes, due to anharmonic effects. It
has been shown that resonant PES via autodetachment of selected
vibrational levels of the DBS can yield much more vibrational infor-
mation, in particular for low-frequency and Franck-Condon-
inactive vibrational modes [31-34]. Because different conformers
of a dipolar molecular radical have different dipole moments, we
have shown that conformation-selective resonant PES via DBS is
possible [35].

Molecules with sufficiently large dipole moments may possess
more than one bound DBS. Early studies of a fixed dipolar system
concluded that 9.64 D is required for the second DBS (m-type)
[36,37]. Considering the rotational effects, Garrett predicted a crit-
ical dipole moment of 4.5 D for the second DBS [38,39]. However,
higher dipole-bound states have not been observed experimen-
tally. In the current work, we study the deprotonated
2-hydroxypyrimidine anion (C4H3N,O~ or 2-HOP, inset in Fig. 1),
which may have more than one excited DBS because its neutral
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Fig. 1. Non-resonant photoelectron image and spectrum of C4H3N,0™ at 354.7 nm. The double arrow below the image indicates the directions of the laser polarization. The

inset shows the structure of the deprotonated 2-hydroxypyrimidine (2-HOP) anion.

radical possesses a large dipole moment (estimated to be ~6.2 D).
We have observed twenty resonant peaks in the photodetachment
spectrum due to vibrational levels of the excited DBS, three of
which are below the detachment threshold. Resonant PE images
have been obtained via the seventeen above-threshold vibrational
peaks, yielding highly non-Franck-Condon PE spectra. However, no
evidence of an electronically excited second DBS below the detach-
ment threshold is observed. The electron affinity of the C;H3N,0"
radical or the detachment threshold of the C4H3N,O~ anion is mea-
sured accurately to be 26,010 + 5 cm™'. The binding energy of the
ground vibrational level of the DBS relative to the detachment

threshold is measured to be 598 +5 cm™ .

2. Experimental methods

The experiment was carried out on our third-generation
electrospray-PES apparatus [40], which consists of an electrospray
ionization (ESI) source [41], a cryogenically-cooled Paul trap [42], a
time-of-flight (TOF) mass spectrometer, and a high-resolution
velocity-map imaging system [43]. Briefly, the C4H3N,0~ anions
were produced via electrospray of a 1mM solution of 2-
hydroxypyrimidine dissolved in a mixed CH30H/H,0 (9/1 in vol-
ume) solvent at pH ~ 10. Two radio-frequency (RF) quadrupole
and one RF octopole ion guides directed the anions from the ESI
source into a cryogenically-cooled Paul trap operated at 4.5K.
The stored anions were cooled via collisions with 1 mTorr He/H,
(4/1 in volume) buffer gas [42] and pulsed out at a 10 Hz repetition
rate. The desired anions were selected by a mass gate, following
mass analyses by the TOF mass spectrometer. Both a Nd:YAG laser
(354.7 nm or 3.496 eV) and a dye laser were used for photodetach-
ment. Photoelectrons were projected onto a pair of 75-mm diame-
ter micro-channel plates coupled to a phosphor screen and finally
captured by a charge-coupled device camera. The recorded PE
images were inverse-Abel transformed and reconstructed using
the pBasex [44] and BASEX [45] programs. The PE spectra were cal-
ibrated with the known spectra of Au~ at different photon ener-
gies. The kinetic energy (KE) resolution achieved was 3.8 cm™!
for 55 cm~! KE electrons and about 1.5% (AKE/KE) for KE above
1eV.

3. Results
3.1. The non-resonant photoelectron image and spectrum at 354.7 nm

Fig. 1 shows the non-resonant PE image and spectrum of C4Hs-
N,O~ at 354.7 nm, representing detachment transitions from the
vibrational ground state of the anion to the vibrational levels of
the electronic ground state of the C4H3N,O' radical. Because of

the complete elimination of vibrational hot bands, the first intense
peak around ~26,000 cm~! should correspond to the 0-0 transi-
tion. The higher binding energy peaks labeled from A to Q denote
transitions to different excited vibrational levels of the neutral rad-
ical. The photoelectron angular distribution (PAD) of the intense
0-0 peak has s + d character with an anisotropy (B) of —1, indicat-
ing that the highest occupied molecular orbital of the anion is a
p-type orbital. The electron binding energies of all the observed
vibrational peaks, their shifts from the first peak and assignments
are summarized in Table 1, where the more accurate values are
from the resonant PE images to be presented below.

3.2. Photodetachment spectroscopy

To search for the DBS, we measured the photodetachment
spectrum by monitoring the total electron yield as a function of
the dye laser wavelength near the detachment threshold [46], as
shown in Fig. 2. The scanning step used was 0.03 nm and each
step was averaged for 700 laser shots. The arrow at 26,010 cm™!
represents the detachment threshold, which is measured more
accurately from the resonant PE spectrum in Fig. 3(a) (see below).
The overall baseline above threshold represents the cross section
of direct non-resonant detachment processes. Most prominently,
seventeen sharp peaks are observed and labeled as 1-17 above
the detachment threshold. These peaks indicate autodetachment
from vibrational levels of the anticipated excited DBS of
C4H3N20_.

Below threshold, three weaker peaks, labeled as 0, o and B are
observed due to resonant two-photon detachment. The peak 0 at
25,412 cm™! represents the ground vibrational level of the DBS,
corresponding to the outmost ring of the inset PE image. The
PAD of the resonant two-photon detachment image gives an aniso-
tropy parameter of 1.6, i.e., of p-wave character, which is very dif-
ferent from the s+d character shown in the non-resonant
detachment features in Fig. 1. The p-wave character of the resonant
two-photon PE image indicates that the intermediate state is an
s-type orbital, consistent with the nature of the DBS, as was also
observed previously [28,31,32,35]. The binding energy of the
DBS, referring as the energy difference between the neutral ground
state and the vibrational ground state of the DBS, is determined to
be 598 +5cm™!. The weak peaks o and B correspond to low-
frequency vibrational levels of the DBS below the detachment
threshold and can only be accessed via two-photon processes.

The top scale in Fig. 2 is relative to the vibrational ground state
of the DBS. The observed photon energies, shifts from the ground
vibrational level of the DBS, and assignments of the observed
vibrational resonances are given in Table 2. The assignments of
peaks 1-17 are all based on the resonant autodetachment PE
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Table 1

Observed vibrational peaks and their binding energies (BE) from PE spectra of C4-
H3N,0". The shifts from the 0-0 transition and assignments are also given. The peaks
labeled 0 and A-Q correspond to those observed in the non-resonant PE spectrum in
Fig. 1. Peaks a-d are from resonant spectra in Figs. 3 and 4. Numbers in parentheses
indicate the experimental uncertainties. The binding energies of peaks 03 and A-C are
derived from resonant PE spectra, which give more accurate values. The assignments
for peaks J-Q are tentative (see text).

Peaks BE (cm ™) Shift (cm™1) Assignment
08 26,010(5) 0 Neutral ground state
A 26,330(5) 320 2!

B 26,463(5) 453 3!

C 26,585(5) 575 51

D 26,835(30) 825 1'7!

E 26,906(30) 896 135!

F 26,973(30) 963 11"

G 27,022(30) 1012 13!

H 27,155(30) 1145 52

I 27,318(30) 1308 5171

] 27,426(30) 1416 (5'9")
K 27,465(30) 1455 (2'5%)
L 27,663(20) 1653 217"
M 27,778(20) 1768 (2'19")
N 27,905(20) 1895 (2'21h
0 27,994(20) 1984 (5%9")
P 28,084(20) 2074 (2219")
Q 28,190(20) 2180 (5'21")
a 26,113(5) 103 1!

b 26,215(5) 205 12

c 26,559(5) 549 4!

d 26,660(5) 650 6!

spectra in Figs. 3 and 4 and the calculated vibrational frequencies
shown in Table 3.

3.3. Resonant photoelectron images and spectra

By tuning the detachment laser to the above-threshold vibra-
tional peaks, we obtained seventeen high-resolution resonantly
enhanced PE images and spectra, as shown in Figs. 3 and 4. Two
detachment channels contribute to these spectra: the regular
non-resonant photodetachment represented by the baseline above
the detachment threshold in Fig. 2 and the resonantly-enhanced
vibrational autodetachment via the DBS. The four spectra shown

in Fig. 3 contain autodetachment involving a single vibrational
mode of the DBS, while those given in Fig. 4 correspond to excita-
tions to vibrational levels of combinational modes of the DBS. Due
to the mode selectivity and the Av=—1 propensity rule in the
autodetachment process [28-35], certain vibrational levels are
enhanced in the resonant PE spectra, resulting in completely
non-Franck-Condon distributions relative to the non-resonant PE
spectrum in Fig. 1. The assignments (in bold face) in Fig. 4 indicate
the major enhanced vibrational peaks. Numerous Franck-Condon
inactive or unresolved peaks in Fig. 1 are observed in the resonant
spectra, labeled as a-d. The binding energies, shifts from the 03
peak and assignments of peaks a-d are given in Table 1.

4. Discussion
4.1. The non-resonant photoelectron spectrum

The vibrational peaks shown in the non-resonant PE spectrum
in Fig. 1 are governed by the Franck-Condon principle, and only
symmetry-allowed modes with significant Franck-Condon factors
can be observed. To guide the assignments of these peaks, we car-
ried out density functional theory calculations at the B3LYP/6-311+
+G(d, p) level for the vibrational frequencies of the corresponding
neutral radical (C4H3N;0"). The calculated vibrational frequencies
(unscaled) for the twenty-four normal modes are given in Table 3
in increasing order of frequencies. As shown previously, the
unscaled B3LYP frequencies are very helpful in the spectral assign-
ments [31-35] and are in general in good agreement with the
observed frequencies for most vibrational modes.

Because both the anion and the neutral radical of 2-HOP have
C,, symmetry, only modes containing A; symmetry are allowed.
By comparing the experimental shifts with the theoretical frequen-
cies, we can readily assign peaks C-I to the 5!, 1'7', 135", 111, 13,
52, and 5'7! vibrational levels, respectively, which are also con-
firmed by the photodetachment spectrum and the resonant PE
spectra to be discussed below. The vs mode, corresponding to
the in-plane deformation of the whole ring, is observed to be the
main Franck-Condon-active mode. Peaks A and B with shifts of
320 cm~! and 453 cm™~! agree well with the computed frequencies
of the v, (A, 316 cm™!) and v; (B;, 468 cm™!) modes (Table 3).
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Fig. 2. The photodetachment spectrum of C4H3N,0~ by measuring the total electron yield as a function of photon energy near the detachment threshold. The arrow indicates
the detachment threshold. The above threshold peaks labeled as 1-17 are due to autodetachment from vibrational levels of the DBS of C4H3N,0". The below-threshold peaks
0, o and B are due to single color resonant two-photon detachment. The inset PE image represents the resonant two-photon detachment spectrum at peak 0. The double arrow

below the image indicates the directions of the laser polarization.
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Fig. 3. Resonant PE images and spectra of C4H3N,O~ at four different detachment
wavelengths, corresponding to autodetachments involving single vibrational
modes. The peak number (in parentheses) corresponds to that in Fig. 2 and the
vibrational levels of the DBS are given. The double arrow below the images
indicates the directions of the laser polarization.

These two modes are due to out-of-plane ring-bending and are
symmetry-forbidden. Their activities may be due to strong vibronic
coupling effects. There is considerable intensity for the v, mode,
which may also suggest a slight out-of-plane distortion in the neu-
tral 2-HOP radical. The higher binding energy peaks from ] to Q in
Fig. 1 are all tentatively assigned to combinational levels of the two
Franck-Condon-active modes (v, and vs) with other modes on the
basis of the theoretical frequencies.

4.2. The photodetachment spectrum

The neutral 2-HOP radical (C4H3N,0°) has a calculated dipole
moment of ~6.2 D, larger than the minimum value of 4.5 D
predicted by Garrett [38,39] for a second bound DBS. The photode-
tachment spectrum in Fig. 2 shows three peaks, 0, o and B, below
threshold. In addition to the ground vibrational level (peak 0) of
the DBS, the peaks o and B can be assigned to the v, and vs funda-
mental vibrational modes (Table 2) based on the computed fre-
quencies in Table 3. Thus, no evidence is observed for a second
bound electronically excited DBS.

The seventeen above-threshold peaks represent optical excita-
tions to the vibrational levels of the DBS followed by autodetach-
ment and they display asymmetric Fano line shapes [47,48] as a
result of the interference between the non-resonant detachment
and autodetachment channels. The Fano line shape is seen more

Table 2

The observed peaks, photon energies, shifts from peak 0 and assignments of the
vibrational resonances in Fig. 2. Numbers in parentheses indicate the experimental
uncertainties.

Peak Photon energy (cm™') Shift (cm™1) Assignment
0 25,412(5) 0 Ground DBS
o 25,960(5) 548 41

B 25,986(5) 574 51

1 26,053(5) 641 6!

2 26,122(5) 710 71

3 26,199(5) 787 1/25'1

4 26,225(5) 813 1171

5 26,278(5) 866 1341

6 26,305(5) 893 1351

7 26,354(5) 942 2161

8 26,391(5) 979 11"

9 26,429(5) 1017 131

10 26,501(5) 1089 1327131
11 26,537(5) 1125 2181
12 26,560(5) 1148 113151
13 26,572(5) 1160 3171
14 26,599(5) 1187 461
15 26,621(5) 1209 516
16 26,671(5) 1259 4171
17 26,694(5) 1282 517'1

clearly for the strong and well-resolved peak 9. Inasmuch as the
excess electron in the DBS is weakly bound and has little effect
to the neutral core, the vibrational frequencies of the DBS of the
anion are the same as the corresponding neutral radical within
our experimental uncertainty [28,31-35,46]. This observation
means that the observed vibrational frequencies in the photode-
tachment spectrum in Fig. 2 can be combined with the non-
resonant and resonant PE spectra to yield vibrational information
for the neutral radical [28,31-35,46]. Thus, even though we use a
prime to designate the vibrational levels of the DBS, the vibrational
frequencies should be the same from the PE spectra for the same
mode. For example, the vibrational frequency for the v; mode
(574 cm™!) of the DBS in Table 2 is the same as the vs mode of
the neutral radical measured from the PE spectra given in Table 1
(575 cm™!). The experimental frequencies shown in Table 3 are
obtained from both PE spectra and the photodetachment spectrum.
In general, the photodetachment spectrum gives more accurate
vibrational frequencies, mainly limited by the rotational broaden-
ing. The assignments of the photodetachment peaks given in
Table 2 are accomplished by the resonant PE spectra presented
in Figs. 3 and 4 below, as well as by comparison with the calculated
frequencies.

4.3. Autodetachments involving single-mode vibrational levels of the
DBS

As reported previously [28,31-35], autodetachment from DBS’s
to final neutral states follows the Av = —1 propensity rule, i.e., the
nth vibrational level of a given mode (Vv'y) of the DBS autodetaches
to the (n — 1)th level of the corresponding neutral mode (vi~1).
This propensity of autodetachment, stemmed from the fact that
the structure of the DBS is similar to that of the neutral final state
[29,30], gives rise to the mode selectivity and highly non-Franck-
Condon resonant PE spectra. Fig. 3 shows that the 08 peak is greatly
enhanced in each case (much stronger signals), indicating autode-
tachment from the fundamental vibrational level (v'}) of the DBS.
The PAD of the 09 peak is isotropic in each case, different from
the s +d character shown in the non-resonant spectrum in Fig. 1.
The photon energies shown in Fig. 3 correspond to resonant exci-
tations to the 6’1, 7!, 11! and 13'! levels of the DBS, respectively.

A weak peak a is also observed in Fig. 3b-d. As given in Table 1,
the shift of peak a relative to the 03 peak is 103 cm~!, which
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Fig. 4. Resonant PE images and spectra of C4H3N,O™ at thirteen different detachment wavelengths, corresponding to excitations to combinational vibrational levels of the
DBS. The peak number (in parentheses) corresponds to that in Fig. 2 and the vibrational levels of the DBS are given. The double arrows below the images indicates the
directions of the laser polarization. The labels in bold face mark the enhanced final neutral vibrational levels.
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Table 3

The harmonic frequencies for C4H;N,O" calculated using density functional theory at the B3LYP/6-311++G(d, p) level. The nine experimental frequencies, including six from

resonant peaks in Fig. 2, are given to compare.

Mode Symmetry Cal. Freq. (cm™1) Exp. Freq. (cm™') Peak
Vi B1 119 103(5)

Vs A2 316 320(5)

V3 B1 468 454(5)

Va B2 516 548(5) o
Vs Al 584 574(5) B
Ve B2 627 641(5) 1
vy B1 742 710(5) 2
Vg Al 799

Vg B1 837

Vio A2 962

Vi1 Al 992 979(5) 8
Viz B1 992

Vis Al 1040 1017(5) 9
Vig B2 1090

Vis B2 1166

Vig B2 1299

V17 Al 1322

Vi B2 1425

Vie Al 1433

Va0 B2 1511

Vor Al 1597

V22 Al 3141

Va3 B2 3142

Vaa Al 3204

corresponds to the fundamental vibrational frequency of the
lowest frequency mode v;(B;) with a computed frequency of
119 cm™! (Table 3). The v; mode is an out-of-plane bending mode
and is symmetry-forbidden in the non-resonant spectrum. Its
appearance in Fig. 3b-d is most likely due to the intramolecular
electron rescattering effect, as discussed recently in the resonant
PE spectra of the deprotonated uracil anion [33].

4.4. Autodetachment from combinational vibrational levels of the DBS

For the excitation to a combinational vibrational level
(vi™v,"...) of the DBS, the final neutral level from autodetachment
can be either vxm”v‘;. ..or vQ‘V‘;*l. .., based on the Av = —1 propen-
sity rule and mode-selectivity. The PE spectra in Fig. 4 are all due to
autodetachment from combinational vibrational levels of the DBS.
In all these spectra, the 03 peak is from direct photodetachment, as
confirmed by its s+d PAD; all the higher vibrational levels are
enhanced due to autodetachment, as can also be seen from their
isotropic PADs.

A number of the spectra (Fig. 4a-d and f) show strong intensi-
ties for two low binding energy peaks, labeled as a and b, which
are due to the fundamental (103 cm™!) and overtone (205 cm™!)
of the lowest vibrational mode (v,) of the 2-HOP radical (Table 1).
This is a bending mode with negligible Franck-Condon factors in
the non-resonant PE spectrum (Fig. 1). The autodetaching vibra-
tional levels corresponding to these spectra must involve combina-
tional levels of the v; mode with other high frequency modes. All
the vibrational levels of the DBS are given in each spectrum in
Fig. 4, as well as the peak numbers of the corresponding resonant
peaks in the photodetachment spectrum. Interestingly, in all of
these cases involving the v; mode the Av = —1 propensity rule is
broken. For example, Fig.4a involves resonant excitation to the
1?5'! combinational level of the DBS. To reach the 1! final state,
one quantum of the v, mode and one quantum of the v mode
must be coupled to the outgoing electron during the autodetach-
ment. In the case of Fig.4d (1*5'"), two quanta of the V| mode
and one quantum of the v mode are required to reach the 1' final
state. These observations suggest that the vi mode must be highly
anharmonic. The photodetachment spectrum in Fig. 2 shows that

the resonant enhancement to these vibrational levels of the DBS
is quite weak, even though the corresponding resonant PE spectra
are dramatically different. The current observation is consistent
with our previous studies [28,31-35], which demonstrate that res-
onant PE spectra via the DBS are quite powerful in providing vibra-
tional information than traditional PES.

The assignments of the remaining spectra in Fig. 4 are fairly
straightforward. In all these cases except Fig. 4h, a combinational
vibrational level between a low frequency and high frequency
mode is involved. Because of the high binding energy of the DBS
(598 cm™1), only the higher frequency mode in these cases has
enough vibrational energy to couple to the DBS electron to cause
autodetachment. Hence, in all these spectra, only one vibrational
final state due to the lower frequency mode is observed to be
enhanced. The observation of peaks a and b corresponding to exci-
tation of the v; mode in Fig. 4¢g is surprising, which is most likely
due to the intramolecular rescattering effects between the outgo-
ing DBS electron and the neutral core, as observed more promi-
nently in the deprotonated uracil case recently [33]. The
spectrum in Fig. 4h needs some comment. The DBS level corre-
sponding to peak 12 in Fig. 2 is assigned to a combinational level
of 1'13''5'!, However, the strong enhancement of the 3! final state
suggests that there may be an overlap between peaks 12 and 13, as
they are very closely spaced (see Fig. 2). The discernible intensity of
peaks a and b in Fig. 4h may be also due to the intramolecular
rescattering effects, as invoked for Fig. 4g.

The related vibrational levels of the DBS and the 2-HOP radical
final states, the autodetachment processes, and the associated
energetics are given in Fig. 5.

5. Conclusions

In conclusion, we report a high resolution photoelectron imag-
ing and photodetachment study of cold deprotonated 2-
hydroxypyrimidine anion (C4H3N,O"). A dipole-bound ground
state is observed with a binding energy of 598 +5cm™! due to
the large dipole moment of the C4H3N,O" radical. However, no evi-
dence is observed for a second electronically bound dipole-bound
state below the detachment threshold, despite the large dipole
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C4H3N,0™ and the binding energy of the DBS are shown. Autodetachment processes are indicated by the arrows, whereas multiple autodetachment channels from a given
DBS level are given in colors. The vibrational levels of the DBS, labeled as 0-17, o, B, correspond to peaks in Fig. 2. And the assignments for DBS and neutral states are all given
in Tables 1 and 2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

moment of the neutral core. Twenty vibrational levels of the DBS
are observed as resonant peaks in the photodetachment spectrum.
Seventeen resonant photoelectron spectra are obtained by tuning
the detachment laser to each of the seventeen above-threshold
vibrational resonances. These resonant PE spectra are highly
non-Franck-Condon due to the vibrational propensity of the
autodetachment processes. In total, nine fundamental vibrational
frequencies are obtained, including the six symmetry-forbidden
modes. The current study provides another example showing that
resonant PES via the dipole-bound states of cold anions is a
powerful approach to obtain vibrational information for dipolar
radicals.
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