Dipole bound, nucleic acid base anions studied via negative ion
photoelectron spectroscopy
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The anions of the nucleic acid bases, uracil and thymine, were studied by negative ion photoelectron
spectroscopy. Both monomer anions exhibit spectroscopic signatures that are indicative of dipole
bound excess electrons. The adiabatic electron affinities of these molecules were found torbe 93
meV for uracil and 697 meV for thymine. No conventiondlalence anions of these molecules

were observed. €1996 American Institute of PhysidsS0021-960806)03519-3

Nucleic acid bases govern the storage and transfer ahoment of the system is larger thar2.5 D4 The nucleic
genetic information. When ionizing radiation interacts with acid base anions found in Adamowicz’s calculations exhibit
living organisms, one of the mechanisms for genetic damagthe properties expected of negative ions having dipole bound
involves the attachment of electrons to DNA and RNAexcess electrons. Their excess electron clouds were ex-
bases. The resultant radical anions then participate in a chatremely diffuse and anisotropic; their excess electron binding
of chemical reactions that can lead to permanent alteration anergies were very small, i.e., with predicted JSAof 86
the original bases and to genetic damage. Nucleic acid baseeV and 88 meV for uracil and thymine, respectively; and
anions thus play an important role in radiation-induced mu-+heir structures were virtually the same as those of their cor-
tagenesis. Because of these considerations, nucleic acid bagsponding neutrals.
radical anions have been the subject of numerous experimen- Here, we present experimental results pertaining to the
tal studies in the condensed phasRy contrast, gas-phase nature of isolated, gas-phase nucleic acid base anions. In this
experimental work on such anions has been limited to thregtudy, the monomer anions of the nucleic acid bases, uracil
reports: an early mass spectral observatiohan uncharac- and thymine(5-methyluraci), were generated using a super-
terized form of the thymine molecular anion, an electronsonic expansion nozzle ion source and characterized via
transmission spectroscopic stddyof uracil and its tempo- negative ion photoelectron spectroscopy. In a companion pa-
rary anions, and very recently, Rydberg electron transfeper by Desfrancois, Abdoul-Carime, and Schermann, gas-
studies of nucleic acid base dimer anions. Until now, how- phase nucleic acid base monomer anions were generated
ever, most information about the nature and extent of exceshrough electron transfer collisions between the bases and
electron binding in isolatedgas-phasenucleic acid base laser-excited Rydberg atoms and characterized via the de-
molecular anions has come from theoretical studies. pendence of anion formation rates on Rydberg electron

There have been several calculations on isolated uracguantum number&nergies These two experiments provide
and thymine anions, specifically those by Pullmian, different, yet rather complementary approaches to the study
Compton® Sevilla/® and AdamowicZ:'® While none of of these species, both in terms of anion formation mecha-
these found stable conventionalalence anions directly, nisms and in the manner of their characterization, and in
Sevilla’s scaling of his theoretical adiabatic electron affinity most respects, they are in good agreement.

(EA,) values to experimentally known EAvalues of related Negative ion photoelectron spectroscopy is conducted by
molecules implied the existence of stable, isolated covalentlgrossing a mass-selected beam of negative ions with a fixed-
bound anions for both uracil and thymine. In this way, frequency photon beam and energy analyzing the resultant
Sevilla predicted adiabatic EAvalues of+0.4 and+0.3 eV photodetached electrons. This is a direct approach to the de-
for uracil and thymine, respectively. By contrast, termination of electron binding energiéSBE), relying as it
Adamowicz’s calculations found stable, albeit fragile, does on the relationshihy=EBE+EKE, in whichhv is the
nucleic acid base anions of urdcénd thyminé® in which  photon energy and EKE is the measured electron kinetic en-
their excess electrons were bound by the dipolar fields of thergy. Our apparatus has been described in detail
bases. previously®® The spectra were calibrated against the well-

The nucleic acid bases, uracil and thymine, possess largenown photodetachment specftaf O~ and NO', the reso-
dipole moments, ie.,~5 D! Due to extensive I|ution (FWHM) of our electron analyzer was 30 meV, and
theoretical® as well as experimentdiwork, it is well estab-  photodetachement was accomplished with 220 circulating
lished that excess electrons can be bound by the dipole field&/atts of 2.540 eV photons. In a supersonic expansion ion
of neutral molecular or cluster systems to form ani@ften  source, relatively low energy electrons are injected directly
loosely referred to as “dipole bound anions'if the dipole into the high density portion of an expanding jet in the pres-
ence of weak axial magnetic fields, and negative ions are
aTaylor Technology, Inc., Princeton, NJ 08540. extracted from the resulting microplasrifarhe negative ion
Author to whom correspondence should be addressed. formation environment involves the attachment of even
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FIG. 1. The photoelectron spectrum of the uracil molecular anion;, FIG. 2. The photoelectron spectrum of the thymine molecular arion,
recorded with 2.540 eV photons. recorded with 2.540 eV photons.

lower energy secondary electrons to target species in thghotoelectron spectra, this would imply a very slight struc-
presence of many cooling collisions. A wide range of aniontural difference between the anion and its neutral. Recent
formation conditions are possible with this source, and thavork by Johnson and co-worke?Showever, casts doubt on
fact that it has generated so many different, fragile dipolehe validity of conventional Franck—Condon treatments of
bound anion® attests to its ability to provide very gentle vibrational features in photoelectron spectra of dipole bound
anion formation conditions as part of its repertoire. To formanions, suggesting instead that vibronic coupling effects are
the expansion jet in the present experiments, samples cubstantially responsible for the observed vibrational fea-
uracil and thymine powder were slowly heated to 160-tures in these cases.
170 °C inside the stagnation chamber of this source and co- The vertical detachment energyDE) is the electron
expanded with 3—4 atm argon gas through au20 orifice.  binding energy corresponding to the maximum in the origin
Just outside the nozzle, the resulting jet was typically subpeak(peak A in these spectra. From the photoelectron spec-
jected to 3—6 mA of~40 eV primary electrons. tra of uracil and thymine anions, their VDE's were deter-
The photoelectron spectra of uracil and thymine anionsnined to be 937 meV and 697 meV, respectively. The
are presented in Figs. 1 and 2, respectively. Each spectrum é&idence strongly indicates that the anions of uracil and
characterized by a single, strong, sharp featpeak A at  thymine have essentially the same structures as do their neu-
very low electron binding energies and by several muchrals. Under these circumstances, the VDE is equal to the
lower intensity feature§B—H) at slightly higher electron adiabatic electron affinityEA,), and hence the Efof uracil
binding energies. This is the distinctive photoelectron specis 937 meV, and the EAof thymine is 637 meV. These
tral signature of dipole bound anions. We have seen thisalues are in close agreement with theoretical predictions by
spectral fingerprint in all of the many ground state, dipoleAdamowicz and Oylér*® (EA,=86 meV for uracil and
bound anions that we have studied thus'faand it is unlike =~ EA,=88 meV for thyming. Our objective in performing
that of any other anionic species we have encountered. Ethese experiments was to explore the nature of isolated, gas-
sentially, the dominant pedlpeak A in each of these spec- phase nucleic acid base anions. Thus far, we have found
tra is the origin “transition” between the ground states of clear evidence for dipole bound aniofground statesof
the anion and its corresponding neutral. The fact that its eleasracil and thymine, largely confirming both the qualitative
tron binding energy is so small indicates that the excess eleand the quantitative predictions of Adamowicz’'s calcula-
tron is bound very weakly, while the relative strength andtions. In the accompanying paper, Desfrancois and co-
unusual narrowness of this peééssentially instrumentally workers used the Rydberg electron transfer technique to re-
limited) implies that the structures of the anion and its cor-cover electron affinity value@EA,=54 meV for uracil and
responding neutral, in both cases, are very similar, if noEA,=68 meV for thyming which are in accord with both
identical. The weak peaks, B—H, in Figs. 1 and 2 are assignAdamowicz’s predictions and our results.
able as molecular vibratiosof neutral uracil and thymine, The issue of the stability of isolated, conventioffzh-
respectively. Under the usual Franck—Condon analysis dence anions of uracil and thymine is an intriguing one
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which deserves comment. At this point, there are conflictingrum of the adenine anion, in accord with Sevilla’s predic-
indications as to their existence as stable, gas-phase covaldiuns.
molecular anions. Below, we review the evidence, beginning  While the stability of gas phase, conventional molecular
with that which tends to counsel against the stability of theanions of uracil and thymine may presently be an unresolved
isolated valence forms(l) Of the several theoretical issue, ESR studiéleave little doubt that, in condensed me-
calculation&®~°conducted on anions of uracil and thymine, dia, the anions of uracil and thymine exist as stable, conven-
none found direct, quantitative evidence for stable valencéional covalent species. This raises interesting questions hav-
anions. (2) When standard methods for formingalence  ing to do with environment effects on the stability of dipole
anions of biological moleculegelectrospray, atmospheric bound vs valence forms of these anions. In the condensed
pressure chemical ionization, and fast atom bombardmenphase, solvation and multibody interactions surely play im-
are utilized in mass spectromefyythe dissociative attach- portant roles in stabilizing the valence form of these anions.
ment(hydrogen lossfragment anions(U-H)~ and(T—H) ", This Stuldy was inspired by the work of L.
are observed, but their parent anioft$)~ and(T) ", are not.  Adamowicz}*° C. Desfrancois, and J. P. Schermarwe
(3) Uracil has been investigated by electron transmissiorihank them as well as the following other colleagues for
spectroscopy, and the results imply that its conventional anRelpful discussions: J. Cadet, R. N. Compton, R. J. Cotter, D.
ion is unstablé:* (4) We saw no spectroscopic evidence for E. Draper, C. C. Fenselau, L. Grossman, K. D. Jordan, M. D.
conventional anions of uracil or thymine during this study,Sevilla, C. A. Townsend, and T. D. Tullius. We also thank
even though we made diligent searches over a wide range #ne National Science Foundation for its support of this work
source conditions. Given the photon energy used, we werénder Grant No. CHE-9007445.
implicitly looking for specie& with EA,’s between 0=2.5
eV, recalling that the EZ&s of the species in question have M. D, Sevilla and b. Becker. Roval Society of Chemistry Soecial Revi

. _ . . D. Sevilla and D. Becker, Royal Society of Chemistry Special Review
been predlpted to be 0'_3 ,0'4 é\Normgl!y, a supersonic on Electron Spin Resonance, Chap. 5, Vol. (1894, and references
expansion ion source, with its many collisions, tends to make therein; C. von Sonntag, iRhysical and Chemical Mechanisms in Mo-
the most stable form of a given anion. An example is the lecular Radiation Biologyedited by W. E. Glass and M. N. VarntRle-
nitromethane anion, a case in which even though both dipole num, New York, 199}, and references therein; S. Steenken, Chem. Rev.

; . . 89, 503 (1989.
bound an_d convent!ona_l anion forms are known to exist, they," o e A st John, Sciend&0, 781 (1975.
supersonic expansion ion source makes only the convensr. N. Compton, Y. Yoshioka, and K. D. Jordan, Theor. Chim. Asta
tional anion, i.e., the more stable offe. 259(1980); J. M. Younkin, L. J. Smith, and R. N. Comptaibjd. 41, 157
Nevertheless, there is also evidence for the existence of(1979- _ .
table, isolated conventional anions of uracil and thymine K. D. Jordan and P. D. Burroprivate communications

stable, g y *5C. Desfrancois, H. Abdoul-Carime, C. P. Schulz, and J. P. Schermann,
(1) From theory, there are Sevilla’s scaled calculaffons science269 1707(1995.
which imply the stability of isolated, conventional molecular °B. Pullman and A. Pullman, Rev. Mod. Phyg2, 428(1960; H. Berthod,

; : ; ; C. Giessner-Prettre, and A. Pullman, Theor. Chim. Axt&3 (1966.
anions of uracil and thymme' a.lthOUQh not of a?em@. "A.-O. Colson, B. Besler, D. M. Close, and M. D. Sevilla, J. Phys. Chem.
From mass spectrometry, there is a report of filee being 96, 661(1992.
formed by a technique referred to as field-induced negative®m. D. Sevilla, B. Besler, and A.-O. Colson, J. Phys. Cheé8, 1060
ion formation? While one could count this observation as 9(199(?- e chers 220199

; : ; ; .~ L. Adamowicz, J. Phys. Chen®7, 11122(1 .
ewdencg for the existence of an isolated convenuor_lal aniogy,; Oyler and L. Adamowicz, Chem. Phys. Le219, 223 (1994.

Of_ thymine, the observ_ed anion was uncharacterized and, yyjakowska, M. Geller, B. Lesyng, and K. L. Wierzchowski, Biochim.
might have been the dipole bound forii8) When results Biophys. Acta361, 119(1974; P. Mauret and J. P. Fayet, C. R. Acad. Sci.
from Cyc”c V0|tammetry measurements in so'ution were Paris Ser. 267, 2081(1967); P. G. Jasien and G. Fitzgerald, J. Chem.
L . . .. Phys.93 2554(1990; R. D. Brown, P. D. Godfrey, D. McNaughton, and
scaled to electron afflryl'ges of gas phase c_allbrants, p05|_t|veA. P. Pierlot, J. Am. Chem. Sod.10, 2320(1988.
absolute electron affinities for uracil, thymine, and adeninezy, r. Garrett, Chem. Phys. Lets, 393 (1970; Phys. Rev.3A, 961
were found(+0.80 eV, +0.79 eV, and+0.95 eV, respec- (1972; O. H. Crawford and W. R. Garrett, J. Chem. Ph@§, 4968
tively), implying the stability of their conventional anions in (DlgT\A-O; é-h_D- JOVd%” ir;]d J. %hwrfggo'logg; (‘ig‘?g Z’ﬁ’l\j\-/ll‘llf’ (_1?77&
. . . M. ipman, J. Phys. eng3, ; A. Wallgvist, D.
the gas pa_hs%—f‘. (4) Desfrancois and co-workers have mter— Thirumalai, and B. J. Berne, J. Chem. Phys5, 1583 (1986; U.
preted their Rydberg electron transfer results on uracil and Landman, R. N. Bamett, C. L. Cleveland, D. Scharf, and J. Jortner, J.
thymine anions in terms of both dipole bound and conven- Phys. Chem91, 4890(1987; J. Simons and K. D. Jordan, Chem. Rev.
tional anions(see companion papern addition to a reso- 87 535(1987.
lik (k in th P ¢ pf geth fth el 1BR. N. Compton, P. W. Reinhardt, and C. D. Cooper, J. Chem. Fig/s.
nancelixe Pea ) In the spectra or both 0 ; ese .an(o ry 4360(1978; R. D. Mead, K. R. Lykke, W. C. Lineberger, J. Marks, and
due to their dipole bound formsthese investigators also J. |. Braumanjbid. 81, 4883(1984; H. Haberland, C. Ludewigt, H.-G.
observed relatively flat, but nonzero ion intensity at lower Schindler, and D. R. Worsnop, Phys. Rev3, 967(1987; K. H. Bowen
; [ i< and J. G. Eaton, iThe Structure of Small Molecules and lpeslited by
Rydberg elect_ron energies, and it is the occurrence of this R. Naaman and Z. VagePlenum, New York, 1088 S. T. Amold, J. G.
no_nzero ba_se“ne in t_he'r spec(raiong \_N'th unu_sual bro_ad' Eaton, D. Patel-Misra, H. W. Sarkas, and K. H. Bowerlpim and Cluster
ening that is the basis of the conventional anion portion of 1on Spectroscopy and Structyredited by J. P. Maie(Elsevier, Amster-
their interpretation. Their conclusions, as to the existence of ?agn;blgw R-f Hashemi and”E- Iller:jberger,SJH Phys. Cfslélﬁ- 6402Id
; : ; ; ; ; 1 ; C. Desfrancois, B. Baillon, and J. P. Schermann, S. T. Arnold, J.
isolated conventional anions of uracil a.nd thymine, are given |\ "/ ks, and K. H. Bowen, Phys. Rev. Lef2, 48 (1994: C.
support by the f"?‘Ct that non'-zero t_)aselmes Wer? seep in the'rDesfrancois, H. Abdoul-Carime, N. Khelifa, and J. P. Schermann, Phys.
spectra for uracil and thymine anions, but not in their spec- Rev. Lett. 73, 2436(1994; C. E. H. Dessent, C. G. Bailey, and M. A.

J. Chem. Phys., Vol. 104, No. 19, 15 May 1996

Downloaded-08-May-2009-t0-128.220.23.26.-Redistribution-subject-to-AlP-license-or-copyright;-see-http://jcp.aip.org/jcp/copyright.jsp



Letters to the Editor 7791

Johnson, J. Chem. Phy$03 2006 (1995; J. H. Hendricks, H. L. de- C=Q27-Q22, B-Q19-Q17, E=Q13-Q10, FQ9-Q7, G=Q6-Q3, and
Clercq, S. A. Lyapustina, C. A. Fancher, T. P. Lippa, J. M. Collins, S. T. H=0Q2-Q1.
Arnold, G. H. Lee, and K. H. Bowen, iStructures and Dynamics of 2°C. G. Bailey, C. E. H. Dessent, M. A. Johnson, and K. H. Bowen, J.
Clusters Proceedings of the Yamada Conference XLIIl, edited by T. Chem. Phys(submitted.
14Kondow(UniversaI Academy Press, Tokyo, 1995 _ 2LE, W. Crow, K. B. Tomer, M. L. Gross, J. A. McCloskey, and D. E.
O. H. Crawford, Mol. Phys20, 585 (1971; C. Desfrancois, H. Adoul-  pergstrom, Anal. Biochen39, 243(1984; D. L. Slowikowski and K. H.
Carime, N. Khelifa, J. P. Schermann, V. Brenner, and P. Millie, J. Chem. Schram, Nucleosides and Nucleotid&s347 (1985 K. J. Volk, M. S.
oo 102 4?55(189n90%-grass C. B. Freidhoff, K. M. McHugh, and K. 1, % R A Yost, and A. Brajter-Toth, Anal. Chei0, 720/(1989; high
' ! ' ' resolution, negative ion ma ectral measurements by J. T. Snodgrass,
Bowen, J. Chem. Phy84, 618(1986. SOt garve | 53 5P su sy grass

16D, M. Neumark, K. R. Lykke, T. Andersen, and W. C. Lineberger, Phys. using both electrospray and atmospheric pressure chemical ionization

. . techniques.
E(ha\émA iiyt8?_()e(t:-1%i542ﬂ9 (.Jl.g'gr;vers, D. C. Cowles, and G. B. Ellison, 22During these searches, we did observe Fhe photoelectron spectrum of
173, V. Coe, J. T. Snodgrass, C. B. Freidhoff, K. M. McHugh, and K. H. (T-H)~. Its EA, ap;iears t_o be-1.5eV. Wg did not observe a comparable
Bowen, J. Chem. Phy87, 4302(1987. 23spectrum folU—H)~ within our energy wmdovx_/. .
BExamples include(H,0); (HF);, (H,0)(CH,CN)™, (D,0)(CDCN)", R. N. Compton, H. S. Qarman, C. Desfraqcms, H. Abdoul-Carime, J. P.
(H,S); , (H0)(HCI)™, (H,0)(HCN)™, (H,0)3, Ar,(H,0); , and (EG); , Schermann,‘J. H. Hendricks, S. A. Lyapustina, and K. H. Bowen, J. Chem.
where EG=ethylene glycol. Phys. (submitted.

19A. Les, L. Adamowicz, M. J. Nowak, and L. Lapinski, Spectrochim. Acta -*J- R. Wiley, J. M. Robinson, S. Ehdaie, E. C. M. Chen, and W. E.
48A, 1385 (1992. Using the notation, QN, from this reference, peaks _Wentworth, Biochem. Biophys. Res. Commuigq, 841 (1991.
B—H in the uracil anion spectrurfFig. 1) are assigned as the following 2°W. A. Bernhard, Adv. Radiat. Biol9, 199 (1981; M. C. R. Symons, J.

molecular vibrations: BQ28-Q26, GQ21-Q18, DB=Q13-Ql11, Chem. Soc. Faraday Trar3, 1 (1987; W. A. Bernhard, J. Phys. Chem.
E=Q8-Q7, FQ6-Q5, G=Q4-Q3, and H-Q2-Q1, and peaks B—H in 93, 2187(1989; D. Becker and M. D. Sevilla, Adv. Radiat. Bidl7, 121
the thymine anion spectruntFig. 2) are assigned as =BQ34-Q30, (1993, and references therein.
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