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Abstract

Spin-dependent and enantioselective electron–molecule scattering occurs in photoelectron 

transmission through chiral molecular films. This spin selectivity leads to electron spin filtering by 

molecular helices, with increasing magnitude, concomitant with increasing numbers of helical 

turns. Using ultraviolet photoelectron spectroscopy, we measured spin-selective surface charging 

accompanying photoemission from ferromagnetic substrates functionalized with monolayers of 

mercurated DNA hairpins that constitute only one helical turn. Mercury ions bind specifically at 

thymine–thymine mismatches within self-hybridized single-stranded DNA, enabling precise 

control over the number and position of Hg2+ along the helical axis. Differential charging of the 

organic layers, manifested as substrate magnetization-dependent photoionization energies, was 

observed for DNA hairpins containing Hg2+; no differences were measured for hairpin monolayers 

in the absence of Hg2+. Inversion of the DNA helical secondary structure at increased metal 

loading led to complementary inversion in spin selectivity. We attribute these results to increased 

scattering probabilities from relativistic enhancement of spin-orbit interactions in mercurated 

DNA.
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Understanding and controlling enantioselective interactions between chiral molecules and 

spin-polarized electrons offers exciting opportunities to improve organic spintronic devices,
1–3 photovoltaics,4,5 enantioseparations,6,7 and photochemistries.8,9 These interactions also 

suggest biological significance due to spin-dependent charge polarization, separation, and 

recombination experimentally demonstrated at room-temperature within peptides,10,11 

proteins,12,13 and oligonucleotides,14,15 and bear possible contributions to the origins of 

homochirality in Nature.16,17 Observations of spin-selective electron–chiral molecule 

interactions, collectively described by the chiral-induced spin selectivity (CISS) effect,18–20 

have been modeled using varying theoretical approaches.21–24 While it is understood that 

molecular chirality, time-reversal symmetry breaking, and spin-orbit interactions are 

required, substantial spin polarization is counterintuitive due to the weak spin-orbit coupling 

strength of light atoms in organic species (~8 meV for carbon atoms), and thus the weak 

magnetic field experienced in the rest frame of a moving electron.25 Possible explanations 

for which a system can overcome this intrinsic limitation include curvature effects such as in 

carbon nanotubes, fullerenes, and curved graphene,26 as well as degeneracy-induced 

amplification of spin-orbit perturbations.27

Still, unified mechanisms remain elusive. Moreover, unambiguous determination of spin-

dependent scattering asymmetries with diamagnetic molecules can be experimentally 

difficult under ambient conditions. Early investigations into spin-dependent interactions 

between electrons and chiral species stemmed from efforts in enantioselective synthesis or 

decomposition of optical isomers using circularly polarized light.28 Mirroring possible 
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sources of circularly polarized light in Nature, experiments that utilized radioactive isotopes 

that undergo β-decay as light sources to generate bremsstrahlung from the deceleration of β-

particles led to emergent hypotheses that polarized electrons themselves interacted 

selectively with left- or right-handed molecules.29,30 However, challenged by the small 

degree of spin polarization observed in electron scattering from optically active molecules, 

subsequent experiments designed to test these spin-dependent interactions led to mixed 

results.31–36

To amplify possible electron dichroic effects,37 Mayer and Kessler tested for asymmetry in 

scattering by D- and L-camphor derivatives containing high atomic number (Z) atoms with 

anticipated increased spin-orbit interactions between electrons and gas-phase chiral 

molecules.38–40 In these experiments, while neither transmission asymmetry nor chirality-

induced spin polarization of polarized electron beams through vapors of unmodified 

camphor were observed, electron dichroism was measured for vapors of camphor-lanthanoid 

complexes. Asymmetry was observed to increase roughly with the atomic number of the 

metal atom, as Pr (Z = 59) < Eu (Z = 63) ~ Er (Z = 68) < Yb (Z = 70). In more recent studies 

of spin-selective electron transmission through chiral vapors of bromo- and iodo-camphor, 

Gay and coworkers have also reported Z-dependent scattering asymmetries. However, it has 

proven difficult to deconvolute intertwined causal parameters, including spin-orbit effects, 

atomic proximity to a chiral center, and electron helicity density within the molecule itself.
41–43

Göhler and coworkers later measured room-temperature spin filtering in photoemission from 

Au substrates functionalized with self-assembled monolayers (SAMs) of double-stranded 

DNA with spin polarization of ~60% for photoelectrons transmitted through helices 

constituting eight helical turns (78 base pairs).44 This strong spin polarization was attributed 

to the higher density and more uniform orientation of helical molecules in films compared to 

dilute molecular vapors.45,46 Importantly, asymmetric scattering probabilities have been 

shown to depend on electron kinetic energies; the de Broglie wavelength of photoelectrons 

must be commensurate with the length of the molecular helices,47 suggesting lower 

likelihood of spin selectivity in photoemission for low kinetic energy electrons transmitted 

through short DNA strands (i.e., one to two helical turns). However, incorporation of high-Z 

species into the helical framework should enhance the scattering rate via relativistic effects, 

thus amplifying asymmetry induced by the chiral environment.

Herein, we apply ultraviolet photoelectron spectroscopy (UPS) to probe spin selectivity in 

photoemission from SAMs of right- and left-handed DNA hairpins composed of only ca. 

one helical turn with vs without divalent Hg (Z = 80) ions bound along the molecular axis 

(Figure 1). We recently demonstrated the use of this technique to measure magnetization-

dependent photoemission from chiral molecular films composed of α-helical peptides and 

globular proteins assembled on ferromagnetic multilayer (FM) substrates in the kinetic 

energy range of ca. 0–18 eV.48 In these studies, spectra were collected using a He I source 

with photon energy high enough (21.22 eV) to ionize the DNA films assembled on FM 

substrates. Because the radiation was not circularly polarized, direct photoionization of the 

molecules should not depend on molecular handedness.49 However, photoelectrons emitted 

from the underlying ferromagnetic substrate with sufficient kinetic energy can ionize the 
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overlying molecules by electron impact.50 The polarization of photoelectrons emitted from 

the underlying ferromagnetic film nominally reflects the film’s magnetization orientation 

(parallel vs antiparallel to surface normal). In this context, differential charging of the 

organic films between substrate magnetization orientations, physically manifested as 

differences in photoionization energies, is indicative of spin-dependent electron ionization 

cross sections.

Stoichiometric equivalents of Hg2+ were coordinated precisely at thymine–thymine (T-T) 

mismatches in DNA, stabilizing hybridized strands via metal-mediated base pairing (Figure 

2a–c).51–57 The manner of metal incorporation and coordination depend on the character of 

the metal. In the presence of T-T mismatches, Hg2+ exhibits linear coordination, forming 

bonds 2–3 times stronger than those of typical hydrogen-bonded base pairs.58 The 

coordination of Hg2+ within DNA containing T-T mismatches is highly specific, enabling 

control over the density and position of Hg2+ within each self-hybridized DNA hairpin by 

varying the number and position of T-T mismatches in a given sequence.

To track DNA structural changes upon mercuration, we characterized Hg2+ binding in 

sequences with zero, one, two, three, and seven T-T mismatches, hereafter referred to as 

0MM, 1MM, 2MM, 3MM, and 7MM, respectively (Figures 2 and S2). The 0MM sequence, 

composed of (5’→3’) TTT GTA AGA AGG CCC CCC TTC TTA CAA A, where G is 

guanine, A is adenine, and C is cytosine, enables self-hybridization due to complementarity 

between 12 base pairs, promoting hairpin formation with a single-stranded loop. Increasing 

the number of base-pair mismatches by replacing A with T subsequently destabilizes hairpin 

formation. However, this stability is recovered upon incubation with Hg(NO3)2 as indicated 

by melting curve analyses in the presence and absence of stoichiometric equivalents of Hg2+ 

(Figures 2d–f, S2c,d).

Increasing absorbance at 260 nm with increasing temperature is characteristic of a 

denaturing transition. For 0MM DNA in 1× phosphate-buffered saline (PBS), no changes in 

melting temperature (TM) of the hairpins were observed upon addition of one molar 

equivalent of Hg2+ (Figure 2d), suggesting that any possible electrostatic binding of Hg2+ 

with the negatively charged backbone of DNA does not affect the stability of the molecule. 

For 1MM DNA, a TM increase of ~7°C upon addition of one equivalent of Hg2+ was 

measured, indicating increased stability of the hairpin due to the formation of coordinate 

covalent metal-base bonds at T-T sites (Figure 2e).52,54,56 Melting curves collected for 2MM 

and 3MM DNA showed larger increases in TM when compared to their unmercurated 

counterparts (Figure S2c,d). For 7MM DNA, no clear temperature-dependent melting 

transition was observed between 25°C and 85°C, either in the presence or absence of Hg2+ 

(Figure 2f), suggesting an ill-defined solution-phase melting point below room temperature, 

likely caused by the high proportion of T-T mismatches as a percentage of total nucleotide 

content.

Complementary structural characterization of all sequences in the presence and absence of 

stoichiometric Hg(NO3)2 in 1× PBS was carried out using circular dichroism (CD) 

spectroscopy to probe the relationship between increasing incorporation of Hg2+ and the 

helical secondary structure of the DNA, depending on the number of T-T mismatches 
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present in the sequence. Distinct bisignate peaks, characteristic of B-form variants of DNA 

duplexes, were observed between 240 and 280 nm for 0MM, suggesting the formation of 

right-handed DNA hairpins. The CD spectra for 0MM did not change upon addition of 1 

molar equivalent of Hg(NO3)2, providing further evidence that possible non-specific 

electrostatic interactions between Hg2+ and the DNA backbone do not disrupt secondary 

structure (Figure 2g). The 1MM sequence exhibited a slight decrease in peak intensity at 280 

nm upon Hg2+ addition (Figure 2h),59 while the 2MM and 3MM sequences exhibited further 

secondary structural changes (Figure S2g,f), as evidenced by the increasing attenuation of 

signal intensity at 280 nm. In the most pronounced case, the long-wavelength peak near 280 

nm exhibited almost complete inversion for 7MM, signaling a complementary inversion of 

secondary structure, from a right-handed to left-handed helical conformation (Figure 2i). 

This behavior has been observed previously in mercurated hairpins with many T-T 

mismatches.52,60–62

Self-assembled monolayers of 0MM, 1MM, and 7MM were prepared on FM substrates with 

perpendicular magnetic anisotropy, composed of glass substrate/Ta (3 nm)/Pt (2 nm)/[Co 

(0.6 nm)/Pt (0.3 nm)]69/Co (0.6 nm)/Au (2 nm), both in the presence and absence of 

stoichiometric Hg(NO3)2. The Au capping layer enabled formation of Au–S bonds between 

the substrate and the molecules for self-assembly of the thiol-modified oligonucleotides. 

Further, oligonucleotide SAMs were backfilled with 6-mercapto-1-hexanoic acid to promote 

orientations of the hairpins nominally normal to the substrate surfaces.63–65 Substrates were 

magnetized to saturation either “up” (magnetization orientation parallel to surface normal) 

or “down” (antiparallel) prior to SAM formation. The presence of mercury on sample 

surfaces following DNA SAM formation was confirmed via X-ray photoelectron 

spectroscopy (XPS) only for monolayers composed of 1MM and 7MM (Figure S3).

Analyses of UPS spectra were conducted for substrates magnetized up vs down for each 

experimental condition. Film photoionization energies, I, were calculated as:

I = ℎν − (EB
max − EB

min) = ℎν − W (1)

where hv is the photon energy, EB
max is the maximum binding energy at the secondary 

electron cutoff, EB
min is the energy at the valence band edge, and W is the spectral width. 

Magnified spectral regions of EB
max and EB

min are shown for representative samples in Figure 

3a–d.

No dependence of I on substrate magnetization orientation was measured for SAMs of 0MM 

(Figure 3e). This was expected, considering that these DNA hairpins were composed of only 

12 hybridized bases (Figure 2a), and therefore likely support too few helical turns to allow 

for detectable spin-selective effects.44,47 The measured values of I for SAMs of 1MM with 

and without Hg2+ are presented in Figure 3f. Differences in ionization energy between 0MM 

and 1MM samples were attributed to nucleobase substitution; adenine has a lower ionization 

energy than thymine, in DNA.66.67 The association of nucleobases into hydrogen-bonded or 

metal-mediated base pairs is accompanied by further reductions in ionization energy.55,68 

Two-way analysis of variance (ANOVA) revealed significant dependence of the preferred 
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substrate magnetization orientation on DNA/Hg2+ film composition (Table S1; P < 0.05). 

Subsequent post hoc tests revealed significant differences in I only for 1MM SAMs prepared 

in the presence of Hg2+. Higher I, and therefore greater buildup of positive charge in the 

organic film, was measured for 1MM SAMs when substrates were magnetized up, compared 

to down. The 0MM and 1MM SAMs consist of nearly identical DNA sequences, with 

comparable secondary structures, only differing in the presence or absence of a single 

mercurated base pair. Thus, these data indicate that the spin-dependent asymmetry in the 

photoelectron–chiral molecule interaction cross section is enhanced due to higher scattering 

rates via the heavy atom effect.

In contrast, lower I was measured for substrates magnetized up vs down functionalized with 

SAMs composed of 7MM DNA with Hg2+ (Figure 3g). The inverted magnetization 

orientation dependence of I for SAMs of mercurated 7MM DNA compared with SAMs of 

mercurated 1MM DNA correlates with the opposite handedness of their secondary structures 

(left-handed for 7MM and right-handed for 1MM) as indicated by CD spectroscopy (Figure 

2h,j). The chiral electrostatic field experienced by an electron interacting with a molecular 

helix is dependent on the handedness of arrangement of atoms in the molecule. Reversal in 

molecular handedness is expected to be accompanied by a concomitant reversal in spin 

dependence for electron scattering interactions accompanying transmission through chiral 

films in photoemission. These experimental results agree qualitatively with the helicity-

dependent DNA-mediated charge transport demonstrated by Zwang et al. in electrochemical 

studies, and with measurements of opposite spin polarization of photoelectrons emitted from 

noble metal substrates functionalized with (M)- and (P)-heptahelicene.15,46

Interestingly, despite the higher surface density of heavy ion scattering centers for SAMs 

composed of mercurated 7MM vs 1MM, the absolute magnitude differences in I between 

magnetization up and down conditions (−37 meV and 51 meV, respectively) were 

comparable in both sets of measurements. Previous measurements by Nolting et al. of 

scattering asymmetry by spin-polarized electron beams through vapors of singly vs doubly 

brominated camphor derivatives analogously showed no obvious enhancement in asymmetry 

by increasing the number of heavy atoms in each molecule. In fact, the absolute maximum 

scattering asymmetries were slightly larger for bromocamphor than for dibromocamphor.40 

Similarly, in our experiments, spin selectivity in electron–chiral molecule interactions for 

DNA hairpins containing multiple heavy atoms may experience compensating, rather than 

amplifying, effects. However, due to the poorly defined thermal stability of 7MM at room 

temperature, as well as the incomplete reversal from right-handed to left-handed secondary 

structure in the presence of Hg2+, we note that the spin-selective ionization energy 

asymmetry measured herein may not represent the maximum obtainable with a heavily 

mercurated sequence of this length.

The magnetic dipole moment of an electron lies antiparallel to its spin angular momentum; 

within a ferromagnetic material, the spin angular momentum of an electron within the 

majority subband is oriented antiparallel to the net magnetization direction of the material. 

We note that for SAMs formed of mercurated right-handed 1MM DNA, the measured 

ionization energies were lower when the substrates were magnetized down, corresponding to 

a lower ionization cross section for photoelectrons with right-handed helicity (spin parallel 
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to velocity). When compared to previous reports of preferential transmission of 

photoelectrons with left-handed helicity through right-handed chiral molecules without 

metal ion inclusions,45 these results indicate that additional mechanisms may be involved in 

metallized systems.

The sign and magnitude of the electric dipole across a molecule adsorbed on a substrate 

affect the work function of that material; a dipole pointing toward the surface induces a work 

function increase, while a dipole pointing away from the surface lowers the work function of 

the sample.69,70 In molecules lacking strong internal dipoles (along the axis parallel to the 

surface normal), the net dipole moment is dominated by that of the Au-thiol bond, which 

decreases the work function of the surface.71–73 We note that FM substrates functionalized 

with 1MM had higher work functions than those functionalized with 1MM + Hg2+, 

independent of magnetization conditions (Figure S4). However, both of these samples 

exhibited lower work functions than the analogous bare substrates measured previously.48 

This work function decrease indicates that the addition of Hg2+ reinforces the intrinsic 

dipole of the molecule, rather than compensating or reversing it. Additionally, it is possible 

that the magnetic characteristics of the heavy ions are capable of influencing the spin-

dependent interaction cross section asymmetry. Here, we have investigated Hg2+, a 

diamagnetic ion. Further studies comparing paramagnetic to diamagnetic inclusions, as well 

as stringently controlling the location of incorporated metal ions along the helical axis, 

should elucidate any effects introduced by intrinsic ion magnetization or molecular dipole 

augmentation.

In conclusion, we report spin-selective interaction asymmetries between photoelectrons and 

DNA molecules assembled on perpendicularly-magnetized ferromagnetic multilayer 

substrates, manifest as differential charging by molecular ionization from inelastic scattering 

of spin-polarized photoelectrons. Substrate magnetization-dependent photoionization 

energies in DNA assemblies were only observed when Hg2+ ions were bound at T-T 

mismatches within the DNA hairpins. We attribute the results to increased spin-orbit 

interactions in electron scattering by DNA due to the presence of the heavy metal species. 

The substrate magnetization-dependent effects were reversed between right-handed and left-

handed helical hairpins, as expected for spin-dependent and enantioselective interactions 

between electrons and chiral molecules. Incorporation of high-Z metals into chiral molecular 

scaffolds may prove a practical means to systematically elucidate molecular and 

environmental parameters in a predictive way by amplifying spin-selective interaction 

asymmetries. If heavy-metallization of chiral molecular species also enables tuning and 

enhancing the chiral-induced spin selectivity effect in the conduction regime, length 

limitations of helical molecules for strong spin polarization in transport may be averted, 

benefiting miniaturization in the development organic-based spintronic devices and 

detectors.19

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Experimental schematic illustrating photoemission from ferromagnetic surfaces 

functionalized with left- (green) or right-handed (red) DNA hairpins containing divalent 

mercury ions. Photoelectrons emitted from magnetized substrates undergo spin-selective 

scattering cross-sections with the DNA molecules due to the chiral-induced spin selectivity 

effect. Ionizing collisions due to spin-up vs spin-down photoelectrons of sufficient energy 

with DNA lead to differential charging, manifested as substrate magnetization (M)-

dependent photoionization energies.
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Figure 2. 
a-c) Schematics of DNA with 0 thymine-thymine mismatches (0MM), 1MM, and 7MM, 

respectively, illustrating number of thymine-thymine mismatches (left), and of the same 

sequences in the presence of Hg2+ ions (represented as solid grey circles). d-f) Melting 

curves for 0MM, 1MM, and 7MM. Peak absorbance at 260 nm is normalized to the 

maximum value for each curve. g-i) Circular dichroism spectra for 0MM, 1MM, and 7MM. 

Melting curves and circular dichroism were collected for each sequence in the presence 

(green) or absence (black) of stochiometric Hg2+. The concentration of all DNA solutions 

was 5 μM. Shaded areas represent standard errors of the mean (N = 3).
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Figure 3. 
a-d) Representative secondary electron cutoff (left) and Fermi edge (right) for DNA with 0 

thymine-thymine mismatches (0MM), 1MM, 1MM + Hg2+, and 7MM + Hg2+, respectively. 

Photoionization energies collected under field up (red) and down (blue) substrate saturation 

magnetization conditions for self-assembled monolayers of e) 0MM, f) 1MM & 1MM + 

Hg2+, and g) 7MM + Hg2+. Error bars represent standard error of the mean. Number of 

samples (N) = 19 [0MM Up], 19 [0MM Down], 20 [1MM Up], 20 [1MM Down], 20 [1MM 

+ Hg2+ Up], 20 [1MM + Hg2+ Down], 19 [7MM + Hg2+ Up], and 20 [7MM + Hg2+ Down]. 

*P < 0.05 vs M down; **P < 0.01 vs M down; ns = not significant.
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