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Abstract 

Experimental methods capable of selectively probing water at the DNA minor groove, major groove, and 

phosphate backbone are crucial for understanding how hydration influences DNA structure and function. 

Chiral-selective sum frequency generation spectroscopy (chiral SFG) is unique among vibrational 

spectroscopies because it can selectively probe water molecules that form chiral hydration structures around 

biomolecules. However, interpreting chiral SFG spectra is challenging since both water and the biomolecule 

can produce chiral SFG signals. Here, we combine experiment and computation to establish a theoretical 

framework for rigorous interpretation of chiral SFG spectra of DNA. We demonstrate that chiral SFG 

detects the N-H stretch of DNA base pairs and the O-H stretch of water, exclusively probing water 

molecules in the DNA first hydration shell. Our analysis reveals that DNA transfers chirality to water 

molecules only within the first hydration shell, so they can be probed by chiral SFG spectroscopy. Beyond 

the first hydration shell, electric field-induced water structure is symmetric and therefore precludes chiral 

SFG response. Furthermore, we find that chiral SFG can differentiate chiral subpopulations of first 

hydration shell water molecules at the minor groove, major groove, and phosphate backbone. Our findings 

challenge the scientific perspective dominant for more than 40 years that the minor groove “spine of 

hydration” is the only chiral water structure surrounding the DNA double helix. By identifying the 

molecular origins of the DNA chiral SFG spectrum, we lay a robust experimental and theoretical foundation 

for applying chiral SFG to explore the chemical and biological physics of DNA hydration. 
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Introduction 

 Watson and Crick recognized that DNA secondary structure is a function of hydration content.1 

The “rather high” water content around DNA to which the scientists alluded was later elucidated by the 

discovery of a chiral helix of water molecules in the DNA minor groove.2-6  This “spine of hydration” 

comprises approximately 2 water molecules per base pair3 of double-stranded DNA (dsDNA) and accounts 

for around 3-6% of the first hydration shell.7 Despite ample structural evidence for the spine of hydration, 

other water structures around dsDNA have eluded experimental characterization. Methods capable of 

probing dsDNA hydration structures beyond the spine of hydration promise deeper understanding of how 

water influences dsDNA structure and determines the specificity of molecular binding and chemical 

reactivity. In this study, we combine experimental and theoretical approaches using chiral-selective 

vibrational sum frequency generation (chiral SFG) spectroscopy and provide a rigorous interpretation of 

the chiral SFG spectrum of dsDNA hydration structures. 

Vibrational spectroscopies, such as Raman,8, 9 ultrafast two-dimensional infrared,10 and terahertz 

spectroscopies,11 offer sensitive, label-free approaches to probing hydration structures. Vibrational 

spectroscopies can distinguish dsDNA hydration shell water molecules by non-bulk-like water dynamics11-

14 or by distinct molecular interactions, for example, unique hydrogen-bonding structures compared to bulk 

water.15, 16 Alternatively, native molecular probes, such as the negatively-charged phosphate groups of 

dsDNA, offer indirect readouts of hydration shell water structures and dynamics.10, 17 However, vibrational 

spectroscopies may fail to detect dsDNA hydration shell structures when the interactions or dynamics of 

water molecules in hydration shells are too similar to bulk water. 

Recently, it has been recognized that chiral SFG can detect hydration structures around DNA and 

protein.6, 18-22 Chiral SFG is sensitive to the macroscopic chirality of biomacromolecules, such as protein 

secondary structures23-26 and dsDNA27, 28 as well as chiral assemblies of achiral molecules.25, 29-31 Because 

water molecules are achiral, chiral SFG only detects chiral assemblies of multiple water molecules, such as 

the spine of hydration. Petersen and co-workers first reported chiral SFG vibrational signatures of O-H 
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stretching of water around dsDNA.6 They assigned the vibrational response to water molecules in the spine 

of hydration and attributed sequence-dependent effects in the chiral SFG spectra to sequence-dependent 

water structures within the dsDNA minor groove. Their pioneering study suggested that chiral SFG has 

high sensitivity and specificity for water molecules within the dsDNA hydration shell, which prompts two 

major questions. Can chiral SFG probe hydration structures beyond the minor groove spine of hydration, 

and detect water structures hydrating the major groove and phosphate backbone of DNA? What are the 

contributions of nucleotide vibrations in the chiral SFG response? Answering these questions is paramount 

for providing an accurate molecular interpretation of chiral SFG spectra of DNA. 

 In this report, we address these two key questions using tandem experimental and computational 

chiral SFG approaches, akin to those developed in our previous studies of protein hydration.19, 20, 22, 28, 32, 33 

We identify chiral SFG vibrational signatures from the O-H stretching of water molecules that form chiral 

hydration structures around (dA)12 · (dT)12 dsDNA, as well as stretching modes of adenine NH2, which 

forms hydrogen bonds in canonical adenine-thymine basepairs. Using native (D-) and non-native (L-) 

dsDNA enantiomers, we confirm that the handedness of the dsDNA double helix templates the handedness 

of chiral hydration structures around dsDNA. Overall, we demonstrate that N-H stretching of dsDNA, as 

well as O-H stretching of water molecules hydrating not only the minor groove but also the major groove 

and the phosphate backbone, can contribute to the chiral SFG response. Our results establish that chiral 

SFG is sensitive to dsDNA nucleotide vibrations as well as to hydration structures beyond the minor groove 

spine of hydration.6 We conclude that chiral SFG is exclusively sensitive to the structure of the dsDNA first 

hydration shell. The ability of chiral SFG to study the structure of the first hydration shell around dsDNA 

will help answer important questions in DNA biology, including the role of water in DNA biomolecular 

recognition, chromatin remodeling, epigenetic modification, and genetic regulation.  
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Figure 1.  (a) Schematic of chiral SFG spectroscopy of (dA)12 · (dT)12 dsDNA hydrated films dropcast at 

the air-quartz interface. Chiral-sensitive psp polarization is achieved by detecting the p-polarized chiral 

SFG output with s-polarized visible and p-polarized infrared input laser beams (see Methods). (b) Adenine-

thymine base pairs showing minor groove and major groove chemical moieties. 

 

Results 

Chiral SFG reveals vibrational resonances due to water O-H and dsDNA N-H. 

We implement phase-resolved heterodyne chiral SFG for the study of dsDNA hydration (see 

Methods). In our experiments, hydrated films of (dA)12 · (dT)12 dsDNA are dropcast on a right-handed z-

cut -quartz crystal substrate under ambient conditions and probed by ultrafast pulsed infrared and visible 

lasers (Figure 1a). Overlapping the linearly polarized infrared and visible pulses in time and space at the 

sample surface enables detection of the chiral SFG response of water and dsDNA (Figure 2a, top panel). 

We begin by assigning vibrational features in the experimental chiral SFG spectrum of (dA)12 · (dT)12 
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dsDNA in the region of 2960-3800 cm-1. Chiral SFG vibrations from 2960-3100 cm-1 likely arise from C-

H stretching modes of adenine, thymine, and/or the DNA sugar.28, 34 For (dA)12 ⸱ (dT)12 dsDNA, vibrational 

resonances above 3200 cm-1 can arise from adenine base NHaHb stretching (Figure 1b) or water O-H 

stretching modes. Previous studies did not attribute N-H contribution in the chiral SFG spectra of (dAdT)12 

⸱ (dAdT)12 dsDNA.6 However, N-H and O-H vibrations can be experimentally distinguished by H2
18O 

isotopic substitution. Substitution with H2
18O is expected to red-shift vibrational bands originating from the 

O-H stretching modes of water.19, 20, 35 Vibrational resonances due to dsDNA should not red-shift. 

 

Figure 2. Experimental and calculated chiral SFG spectra of (dA)12 ⸱ (dT)12 dsDNA. (a) (top) Experimental 

chiral SFG spectra of dsDNA prepared in H2O (red) and H2
18O (blue) obtained in the N-H/O-H stretching 

region with the psp polarization. Solid black lines are the fit to equation 2 (see Methods). (bottom) Gas-

phase density functional theory (DFT) calculation of chiral SFG spectrum of dsDNA shows adenine NHaHb 
symmetric (3207 cm-1) and asymmetric (3326/3332 cm-1) stretching (see Figure 1b for atom labels). Note 

that vibrational modes due to water are not included in these DFT calculations. Calculated spectral 

frequencies were scaled by a factor of 0.95. Chiral SFG response from various orientations of the dsDNA 

relative to the plane of incidence all show chiral SFG signals of N-H stretching (see Methods and 

Supporting Information); the selected spectrum shown is for the Euler angles =20, =150, and averaged 

around  (b) Fitting of the experimental spectra using equation 2. (b-i) Global fits (black) and residuals 

(yellow) of experimental chiral SFG spectra of dsDNA in H2O (red) and H2
18O (blue). (b-ii) Fits for C-H 

and N-H vibrational resonances of dsDNA. (b-iii) Fits for pairs of O-H vibrational resonances of water. 

The averaged symmetric and asymmetric stretching frequencies are shown, which indicate red-shifts due 

to the isotopic H2
18O substitution, suggesting contributions of water O-H stretching modes to the chiral 

SFG spectra. a.u.: arbitrary units.  
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Experimental chiral SFG spectra of dsDNA prepared in H2O or H2
18O are shown in Figure 2a (top 

panel). Global fitting of the experimental data (Figure 2b and Table S1) suggests that fitting the 

experimental spectra requires a minimum of five vibrational resonances of the C-H and N-H stretching of 

the dsDNA (Figure 2bii) and two pairs of hydration water stretching33 (Figure 2biii). The residual analyses 

are shown in yellow in Figure 2b (top). Based on the vibrational frequencies, 2966 cm-1 and 2998 cm-1, two 

vibrational resonances are assigned to C-H stretching modes of dsDNA (Figure 2bii, green curves). Three 

vibrational bands in the experimental chiral SFG spectra at 3220 cm-1, 3357 cm-1, and 3401 cm-1  (Figure 

2bii, black curves) have not previously been assigned. To assign these vibrational bands, we performed gas-

phase calculations of an ideal (dA)12 ⸱ (dT)12 dsDNA using an exciton model (see Methods and Supporting 

Information). The calculations (Figure 2a, bottom panel) predict the vibrational resonance at 3207 cm-1 is 

the symmetric stretching of adenine NHaHb, while the negative feature at 3326 cm-1 and the positive feature 

at 3332 cm-1 are attributed to different linear combinations of asymmetric stretching of adenine NHaHb 

groups along the dsDNA. Therefore, we propose the vibrational band at 3220 cm-1 in the experimental 

chiral SFG spectrum is symmetric stretching of adenine NHaHb, while the vibrational bands at 3357 cm-1 

and 3401 cm-1 are asymmetric stretching modes of adenine NHaHb (Figure 2bii, black curves).36 

Applying our recently developed theoretical basis for interpreting heterodyne chiral SFG spectra 

of water,33 the vibrational resonances of water O-H stretching modes were modeled as pairs of vibrational 

resonances centered at 3223 cm-1 and 3503 cm-1 (Figure 2biii). Each pair of vibrations contains two 

resonances corresponding to symmetric and asymmetric O-H stretching modes of water due to 

intramolecular coupling. H2
18O labeling red-shifts both pairs of vibrational resonances to 3215 cm-1 and 

3466 cm-1, confirming water contributions to the chiral SFG spectrum. Because a water molecule is achiral, 

detection with chiral SFG implies that the hydration structures around dsDNA are chiral. 
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Chiral SFG is sensitive to water in the dsDNA first hydration shell. 

We model the chiral SFG response of water molecules around dsDNA using a dipole-polarizability 

time correlation function approach with electric field mappings (Figure 3, see also Methods).37-41 We built 

a molecular model of (dA)12 ⸱ (dT)12 dsDNA using molecular dynamics (MD) in a 52 Å × 52 Å × 73 Å box 

containing approximately 6400 water molecules and calculated the chiral SFG response of O-H stretching 

for all water molecules (Figure 3b, black curve). This calculated chiral SFG response of water spans the 

spectral region of ~3100-3750 cm-1 and supports our experimental observation of a redshift upon H2
18O 

substitution of vibrational features in this region (Figure 2b, panel iii).  We also used the algorithm of 

Voronoi tessellation32, 42, 43 (see Methods and Supporting Information) to identify water molecules in the 

first and second hydration shells around dsDNA. Only water molecules in the first hydration shell around 

dsDNA produce a chiral SFG response (Figure 3b, red curve). Remarkably, water molecules in the second 

hydration shell around dsDNA produce no chiral SFG response (Figure 3b, blue curve). Thus, both 

experiment and computation confirm that chiral SFG is sensitive to the O-H stretching modes of water 

molecules within the first hydration shell around dsDNA and the N-H stretching modes of adenine in (dA)12 

⸱ (dT)12 dsDNA. 

 

Figure 3. Chiral SFG response from water molecules surrounding (dA)12 ⸱ (dT)12 dsDNA in MD 

simulations. (a) Representative views of the MD simulations including all water molecules (black), and 

water molecules in the first hydration shell (red) and the second hydration shell (blue) of (dA)12 ⸱ (dT)12 

dsDNA (yellow). The first hydration shell (red) shows signals comparable to the total chiral SFG signals 

(black). The second hydration shell (blue) shows almost no calculated O-H stretching response (right). 

Vibrational modes due to dsDNA are not included in these calculations. a.u.: arbitrary units. 
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Chiral SFG detects chirality transfer from dsDNA to water. 

Heterodyne chiral SFG is sensitive to the macroscopic chirality of the dsDNA double helix.28 It 

effectively distinguishes between native (D-) and non-native (L-) dsDNA. The chiral SFG spectra of these 

two enantiomers appear as mirror images of each other with opposite phase (Figure 4a). Consequently, not 

only do dsDNA vibrational resonances change phase, but the features assigned above to the O-H stretching 

of water molecules also reverse phase (Figure 4a). The chiral SFG response of water in the first hydration 

shell around (D-) or (L-) dsDNA is also calculated to have opposite phase (Figure 4b). Because the phase 

from the O-H stretching of water molecules flips with the chirality of the dsDNA, these results imply that 

the first hydration shell structures around (D-) and (L-) dsDNA possess opposite chirality. Thus, we have 

identified the origin of the chiral SFG signal of water, namely, chiral hydration structures templated by 

dsDNA. Furthermore, our experimental and computational results (Figure 4) establish that chiral SFG 

detects chirality transfer from dsDNA to the first hydration shell. 

 

Figure 4. Native (D-) (dA)12 ⸱ (dT)12 dsDNA versus non-native (L-) (dA)12 ⸱ (dT)12 dsDNA and their 

hydration give mirror-image spectra confirming chirality transfer from dsDNA to hydration water. (a) 

Experimental chiral SFG spectra of (D-) versus (L-) dsDNA obtained in the C-H/N-H/O-H stretching region 

with the psp polarization. (b) The O-H stretching response of water molecules in the first hydration shell 

calculated from an MD simulation of (D-) and (L-) dsDNA. Vibrational modes due to dsDNA are not 

included in these calculations. a.u.: arbitrary units. 
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dsDNA chirality transfer to water does not propagate beyond the first hydration shell. 

 What is the origin of chiral SFG selectivity to the dsDNA first hydration shell? Water dipole 

orientation analysis32 utilizing a 1 Å-resolution grid reveals that dsDNA creates complex chiral asymmetries 

in the water population in the first hydration shell (Figure 5). Furthermore, water molecules in the dsDNA 

second hydration shell and approximately 10-15 Å beyond the first hydration layer are ordered, but exhibit 

achiral 𝐶∞𝑉 symmetry, which is symmetry-forbidden from generating chiral SFG response.25, 29-31 Our 

analysis supports the model that chirality transfer from dsDNA to water does not propagate beyond the first 

hydration shell, whereas water molecules beyond the dsDNA first hydration shell are ordered by the electric 

field of the negatively-charged phosphate backbone. This model explains our observations (Figures 3-4) 

that chiral SFG is exclusively sensitive to water molecules in the first hydration shell of dsDNA.  

 
Figure 5. Mean water dipole orientations around (dA)12 · (dT)12 dsDNA plotted every 1 Å, averaged over 

1 million frames of MD simulation. Arrows point toward the water oxygen and bisect the H-O-H angle. 

Representative structures for the dsDNA and the first (red) and second (blue) hydration shells are guides to 

the eye. The system was translated to place the DNA’s centroid at the origin and rotated as described in 

Methods. (a) Normalized water dipoles projected onto the yz-plane for water molecules observed with 0.5 

Å ≥ x ≥ -0.5 Å. Note that the z = 0 Å axis crosses the 6th basepair counting from the top of the DNA structure. 

(b) Normalized water dipoles projected onto the xy-plane for water molecules observed with 0.5 Å ≥ z ≥ -

0.5 Å. The section of dsDNA structure shown corresponds to 10 Å ≥ z ≥ -10 Å. 
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Chiral SFG can sense chiral hydration structures around dsDNA beyond the “spine of hydration”. 

To understand which subpopulations of water molecules within the first hydration shell of dsDNA 

contribute to the chiral SFG response, we calculated the chiral SFG spectra of different subpopulations 

(Figure 6a-d). We define these subpopulations using Voronoi analysis (see Methods).42 Figure 6 shows the 

chiral SFG spectra of the first hydration shell, including water molecules in the minor and major grooves, 

and water molecules hydrating the dsDNA backbone. The average number of water molecules in each 

subpopulation is indicated beside the molecular models. 

The total chiral SFG response of the first hydration shell (Figure 6a) is the sum of the spectral 

contributions of the subpopulations of water molecules hydrating the minor groove, major groove, and 

backbone (Figures 6b-d). Comparison of the absolute intensities of the spectra in Figures 6a and 6b shows 

that the O-H stretching response of water molecules in the dsDNA minor groove account for almost the 

entire chiral SFG response of the first hydration shell. This observation agrees with the proposed molecular 

origin of water signals surrounding dsDNA.6 However, to our surprise, the simulated chiral SFG responses 

of water molecules hydrating the major groove (Figure 6c) and the backbone (Figure 6d) are non-zero but 

have nearly equal intensity and opposite phase. Thus, the sum of the spectral responses of water hydrating 

the major groove and backbone is nearly zero due to cancellation (Figure S2). This result reveals that not 

only water molecules hydrating the minor groove (Figure 6b), but also those hydrating the major groove 

and dsDNA backbone (Figures 6c and 6d) can contribute to the chiral SFG response (Figure 6a). This 

finding implies that chiral SFG can also be used to probe hydration structures of the major groove and 

backbone of dsDNA. Our result enhances the current understanding of the molecular origins of chiral SFG 

signals of water molecules hydrating dsDNA molecules. It also implies that chiral SFG can potentially 

distinguish different modes of small-molecule binding to dsDNA by detecting displacement of water 

molecules hydrating the major groove, minor groove, or backbone.  
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Figure 6. Calculation of the phase-sensitive chiral SFG response of the O-H stretching modes of water 

around (dA)12 ⸱ (dT)12 dsDNA corresponding to water molecules (a) in the first hydration shell, (b) along 

the minor groove, (c) the major groove, and (d) the backbone of dsDNA. All spectra are averaged over 

1,000,000 frames from 100 ns of MD simulation. Spectral intensities can be directly compared. Note that 

vibrational modes due to dsDNA are not included in these calculations. The average number of water 

molecules per MD frame in each subset is listed. Voronoi selection42 (see Methods) was used to identify 

water molecule populations around each region of the dsDNA. a.u.: arbitrary units. 
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Discussion 

Petersen and co-workers reported the chiral SFG response of (dAdT)12 ⸱ (dAdT)12 dsDNA in the 

region 2600 – 3700 cm-1 and attributed the observed chiral SFG signal to water molecules embedded in the 

minor groove of dsDNA.6 However, our H2
18O substitution experiment (Figure 2) and computational 

investigations (Figures 2-5) indicate that chiral SFG can detect the O-H stretching of chiral water assemblies 

around (dA)12 ⸱ (dT)12 dsDNA, as well as the symmetric stretching (3220 cm-1) and asymmetric stretching 

(3357 cm-1 and 3401 cm-1) modes of adenine NHaHb (Figure 2). We also detected chiral SFG response of 

C-H stretching modes of dsDNA (Figure 2bii). These various modes provide information about the local 

chemical environments and molecular structures of the dsDNA molecule.28 Our gas-phase calculations of 

the chiral SFG response of (dAdT)12 ⸱ (dAdT)12 dsDNA (Figure S3) suggest that NHaHb stretching 

resonances are likely to have been convoluted with the O-H stretching of chiral water structures in the 

previously reported spectra.6 

 Our experimental and computational results reveal that dsDNA transfers chirality to the first 

hydration shell only (Figures 3-5). However, a loosely bound hydration shell may extend as far as 18 Å 

from the dsDNA surface due to the electric field of the negatively-charged phosphate backbone.11 Our water 

dipole orientation analysis suggests that, beyond the first hydration shell, the electric field of the dsDNA 

phosphate backbone orders water in achiral 𝐶∞𝑉 symmetry, which cannot generate chiral SFG response 

according to Simpson’s chiral SFG theory (Figure 5).20-22, 25, 29-33 Our analyses support the conclusion that 

chiral SFG does not report on water molecules beyond the first hydration layer of dsDNA. Therefore, we 

have established that chiral SFG offers a highly specific method to probe the structure of the dsDNA first 

hydration shell. 

Dissecting the water signals from the first hydration shell around the (dA)12 ⸱ (dT)12 dsDNA reveals 

that not only minor groove water molecules, but also water subpopulations hydrating the major groove and 

dsDNA backbone can contribute to the experimental chiral SFG response (Figures 6a-d). However, the 

opposite phases and nearly equal intensities of the chiral SFG responses predicted for major groove and 
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backbone waters (Figures 6c and 6d) suggest that these signals can destructively interfere and cancel (Figure 

S2). Nonetheless, our computational findings revise the notion that the experimental chiral SFG response 

is only due to water molecules in the dsDNA minor groove.6, 18 For nucleic acid duplexes with different 

secondary structures (for example, A-DNA or A-RNA, Z-DNA or Z-RNA, or parallel double helixes), the 

major groove and backbone water subpopulations might even dominate the chiral SFG response over minor 

groove water molecules. Alternatively, binding of proteins or other molecules to dsDNA may perturb chiral 

hydration structures. In such cases, the chiral SFG response of water hydrating the major groove and 

backbone can potentially report on molecular binding. Our work will guide further development of chiral 

SFG for studying molecular interactions of dsDNA. 

Dickerson and co-workers originally observed the chiral “spine of hydration” in the dsDNA minor 

groove over 40 years ago.2, 3 As discussed above, however, the chiral SFG response implies the existence 

of other chiral first hydration shell structures. The spine of hydration can now be interpreted as just one 

stable chiral hydration structure around dsDNA, alongside the chiral structures formed by major groove 

and backbone water molecules. Our findings offer an updated scientific perspective in line with recent 

computational work that has focused on holistic understanding of hydration structures and dynamics around 

dsDNA.7, 44  

Based on our findings, chiral SFG experiments and computational analyses are now poised to 

address fundamental questions related to changes in dsDNA hydration structure during reactions, 

interactions, recognition, and binding with proteins and small molecules. Heterodyne chiral SFG reveals 

the phase of the water signals as well as dsDNA vibrational modes and can thereby resolve specific 

functional groups involved in molecular interactions with dsDNA. Our work has built a rigorous theoretical 

basis for interpreting chiral SFG spectra of dsDNA hydration, introducing new possibilities to use chiral 

hydration structures as a novel, label-free reporter for molecular binding to dsDNA. 
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Methods 

DNA Oligomer Preparation 

Cartridge-purified single-stranded DNA oligomers with sequences (dA)12 and (dT)12 were 

purchased from the Keck Oligonucleotide Synthesis Resource at Yale University and used without further 

purification. For all experiments, solutions of double-stranded DNA oligomers were prepared at 100 M, 

heated in a water bath at 80 ºC for 10 minutes, and allowed to cool in the water bath overnight. Solutions 

were subsequently stored at 4 ºC. 

Vibrational SFG Measurements 

Solutions of dsDNA oligomers were prepared in H2O or H2
18O (Sigma-Aldrich, 97 atom % 18O). 

For all SFG experiments, 10 L was applied to the clean surface of a right-handed z-cut -quartz crystal 

and the solution was dried in a desiccator. To prevent exchange of H2
18O with ambient humidity in hydrated 

dsDNA films, samples were dried in a sealed container with desiccant under a positive pressure nitrogen 

flow. 

 Phase-resolved chiral SFG45-49 was used to probe hydrated dsDNA films at the quartz surface with 

the psp polarization (p-polarized sum frequency, s-polarized visible, p-polarized infrared) using a homebuilt 

broadband spectrophotometer. A Ti:Sapphire regenerative amplifier (Astrella F, Coherent, CA) generates 

9 W of 800 nm output with a repetition rate of 5 kHz and 100-fs pulse width. The output is split to generate 

the tunable IR source by pumping an optical parametric amplifier (OPA) (TOPAS-PRIME, Coherent, CA). 

This OPA is coupled to a non-collinear difference frequency generator (NDFG, Coherent, CA), which 

generates broadband infrared pulses tunable from 2.4 to 11 μm, corresponding to the range of ~900 - 4000 

cm-1. The remainder of the 800 nm amplifier output enters a 4f pulse shaper for a final pulse duration <10 

ps.  The beams are directed to be coincident on the sample surface spatially and temporally to generate SFG 

signal. The temporal overlap is achieved by a delay stage to change the path length of the infrared beam. 

The SFG signal generated from the sample surface is collected by a collimating lens and focused into a 
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spectrograph before being detected by a cryogenically cooled CCD camera. The infrared source is p-

polarized upon exiting the NDFG, while the visible and SFG polarizations are selected using a waveplate 

and a polarizer. 

 Chiral SFG spectra were collected with the quartz oriented along the +y and -y axes of the quartz 

as calibrated in the laboratory frame (see SI).20 Unless noted otherwise, 4 spectra (5 minutes each) were 

acquired along both the +y and -y axes and normalized by the clean quartz surface. To obtain the purely 

imaginary component (𝐼𝑚[𝜒(2)]) of the vibrational SFG response, the averages of the normalized 

measurements along the +y and -y axes were subtracted according to: 

The frequency of SFG spectra were calibrated using polystyrene (Buck Scientific; 0.05 mm film). Spikes 

of signals due to cosmic rays were manually removed. 

The spectra were analyzed using equation 2 to model the vibrational resonances. The first term in 

this expression fits the spectral contributions from C-H and N-H stretches of the dsDNA, where 𝜔𝐼𝑅 is the 

frequency of the incident infrared beam, and 𝜔𝑞 , 𝛤𝑞, and 𝐴𝑞 are the frequency of the vibrational resonance, 

the damping factor, and the amplitude of the qth vibrational mode, respectively. 

 

The second term in equation 2 is used to fit the O-H stretching modes. In our previous report,33 we 

demonstrated that the chiral SFG responses from water result from  intramolecular coupling, causing the 

symmetric and asymmetric stretching modes of water to appear as two non-degenerate Lorentzian peaks 

with opposite phase, equal magnitude, and displaced frequency. This term fits the nth pair of the symmetric 

𝐼𝑚[𝜒(2)] =  
(𝐼+𝑦 − 𝐼−𝑦)

4
 (1) 

𝐼𝑚[𝜒(2)] ∝  [∑
𝐴𝑞

(𝜔𝐼𝑅 − 𝜔𝑞 − 𝑖𝛤𝑞)  
𝑞

 

+  ∑
𝐴𝑛

(𝜔𝐼𝑅 − (𝜔𝑛 −
1
2 ∆𝜈) − 𝑖𝛤𝑛)   

 −
𝐴𝑛

(𝜔𝐼𝑅 − (𝜔𝑛 +
1
2 ∆𝜈) − 𝑖𝛤𝑛)   𝑛

] 

(2) 
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and asymmetric O-H stretching modes of water using shared parameters for amplitude (An) and width (Γn). 

The peak positions for both symmetric and asymmetric stretching modes are defined using two parameters, 

the resonant frequency (ωn) and the frequency difference (∆ν) between the symmetric and asymmetric 

stretching modes. 

Equation 2 was used to globally fit spectra of dsDNA in H2O and H2
18O, where the peak positions 

and widths for all N-H and C-H stretching modes were linked, and the width and frequency differences for 

all pairs of O-H stretching modes were linked.  The value of ∆ν was constrained to be between 30 cm-1 and 

150 cm-1 based on previous studies.33 

The fitting model used in this work is guided by our previous report,33 which found that the chiral 

SFG response of a water OH stretching band can be described by an “up-down” or “down-up” (doublet) 

lineshape due to the C2v symmetry of a water molecule. A similar lineshape was observed for coupled C=O 

oscillators in dsDNA when using vibrational circular dichroism by the Zanni group.50 Despite local C2v 

symmetry of the NHaHb group on adenine (see Figure 1 for atom labeling), the N-H symmetric and 

asymmetric stretches need not be fit with the doublet model. Greve et al.51 showed significant vibrational 

coupling between the N3-Hc and NH2 modes that removes the local mode symmetry. They found adding 

this coupling and Fermi resonance with the C6-NH2 bending mode to be necessary to replicate experimental 

spectra. Furthermore, any coupling from stacking base pairs would further remove the C2v local symmetry. 

Lastly, the NH2 is bonded to an aromatic system in the nucleobase. The doublet fitting model for chiral 

SFG response of water was derived33 based on the individual bond polarizabilities having only diagonal 

terms (αaa, αbb, and αcc) and the resulting molecular hyperpolarizability containing only the effects of the 

rotated C∞ bonds. An aromatic system conjugated with the chromophore will likely contribute to the Raman 

tensor of the system within the plane of conjugation; this means that the system’s β (hyperpolarizability) 

cannot be well represented as the sum of individual bonds, disrupting the model that would produce a 

doublet. 
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Density Functional Theory Calculations 

Density functional theory (DFT) calculations were performed on AT Watson-Crick base pairs using 

the B97XD functional52 and the cc-pvdz basis set53 using Gaussian 16, Rev. C01.54 A partial solvated 

model including an explicit water molecule was used to account for the solvation of the NH2 group on the 

adenine55, 56 (see Figure S4). Harmonic analyses were performed to compute normal modes, frequencies, 

transition dipole moments, and transition Raman polarizability tensors for spectroscopic characterization. 

See Supporting Information for additional details. 

Exciton Model 

To account for coupling between different AT base pairs in the SFG spectra, we model the (dA)12 

⸱ (dT)12 dsDNA using a coupled exciton Hamiltonian of the form57, 58 

 

where n is the total number of base pairs, 𝜔𝑚𝑗
 represents the 𝑚𝑗-th local mode frequency in the j-th base 

pair, 𝐽𝑚𝑗𝑚𝑘
 represents the inter-strand vibrational coupling between the 𝑚𝑗-th and 𝑚𝑘-th vibrational modes 

in the j-th and k-th base pair, and 𝑎𝑚𝑗
+  and 𝑎𝑚𝑗

 are creation and annihilation operators of the 𝑚𝑗-th mode. 

In our model, local mode bases are chosen as the normal modes of a single AT Watson-Crick base pair. 

Local mode frequencies and coupling parameters were determined using the Hessian matrix reconstruction 

method,59-61 where only interactions between first- and second-neighbor base pairs were considered. 

Simulation and parameterization details are provided in the Supporting Information. 

Calculations of dsDNA NH Chiral SFG Spectrum  

Our approach for simulating SFG spectra has been previously described.62-65 Here, we provide only 

a brief summary. The calculation involves the determination of the second-order molecular 

𝐻 = ∑ ∑ ℏ𝜔𝑚𝑗
𝑎𝑚𝑗

+ 𝑎𝑚𝑗

𝑚𝑗

𝑛

𝑗=1

+ ∑ ∑ ∑ ∑ ℏ𝐽𝑚𝑗𝑚𝑘
𝑎𝑚𝑗

+ 𝑎𝑚𝑘
+ 𝑐. 𝑐.

𝑚𝑘𝑚𝑗

𝑛

𝑘>𝑗

𝑛

𝑗=1

 (3) 
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hyperpolarizabilities 𝛽𝑖𝑗𝑘,𝑞
(2)

=  𝛼𝑖𝑗,𝑞𝜇𝑘,𝑞, where 𝛼𝑖𝑗,𝑞 and 𝜇𝑘,𝑞 (with 𝑖, 𝑗, 𝑘 = 𝑥, 𝑦, 𝑧) are elements of the 

transition polarizability and dipole moment of the q-th exciton in the molecular frame, respectively. The 

hyperpolarizability 𝛽𝑖𝑗𝑘,𝑞
(2)

 is then rotated to the laboratory frame (𝐼, 𝐽, 𝐾 = 𝑋, 𝑌, 𝑍) and averaged over the 

azimuthal angle ϕ in 5° increments to obtain the second-order susceptibility 𝜒𝐼𝐽𝐾,𝑞
(2)

=

∑ 〈𝑅𝐼𝑖𝑅𝐽𝑗𝑅𝐾𝑘〉𝛽𝑖𝑗𝑘,𝑞
(2)

𝑖𝑗𝑘 , where 𝑅𝐼𝑖 represent elements of the ZYZ Euler rotation matrix.25 The heterodyne 

SFG spectrum is computed as  

where 𝜔𝑞 is the frequency of the q-th exciton vibrational mode and the effective psp susceptibilities are 

given by25  

where 𝐿𝑖𝑗𝑘  are Fresnel factors that depend on the refractive index of the interface as well as the incident 

angle of the lasers.66, 67 The Fresnel factors used in this study are listed in Table S3. The harmonic 

frequencies were scaled by 0.95, and q was set to 4.0 cm-1 to facilitate comparisons with experiments. 

Molecular Dynamics Simulations 

The AMBER tool68 Nucleic Acid Builder was used to build a (dA)12 ⸱ (dT)12 B-DNA molecule. The 

AMBER tool tleap was used to solvate and neutralize the system with TIP4P-Ew water69 and sodium ions, 

leaving at least 15 Å of solvent on all sides of the dsDNA. The system was then minimized with restraints 

on the dsDNA (force constant 200 kcal/mol/Å2). This was followed by 500 ps of solvent equilibration with 

restraints on the dsDNA (200 kcal/mol/Å2). Then the system was minimized with restraints on the heavy 

atoms in the dsDNA (100 kcal/mol/Å2). Following this, the system was minimized in three phases with 

𝐼𝑚[𝜒(2)](𝜔𝐼𝑅) = Im ∑
𝜒𝑝𝑠𝑝,𝑞

(2)

𝜔𝐼𝑅 − 𝜔𝑞 + 𝑖Γ𝑞
𝑞

 (4) 

  

𝜒𝑝𝑠𝑝,𝑞
(2)

= 𝐿𝑍𝑌𝑋𝜒𝑍𝑌𝑋,𝑞
(2)

− 𝐿𝑋𝑌𝑍𝜒𝑋𝑌𝑍,𝑞
(2)

 (5) 
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restraints on the dsDNA backbone gradually being released (100 kcal/mol/Å2, then 50 kcal/mol/Å2, then 10 

kcal/mol/Å2). This was followed by a minimization of the entire system without restraints. This 

minimization was followed by 360 ps of temperature annealing in the NPT ensemble (1.01325 bar, 1 atm) 

to heat the system from 0 K to 300 K. Then the system was equilibrated in the NPT ensemble for 5 ns, and 

finally the system was equilibrated for 5 ns in the NVT ensemble. All energy minimizations used a 

combination of steepest descent and conjugate gradient approaches. For production runs, the system was 

propagated for 100 ns in the NVT ensemble, saving conformations every 100 fs. All dynamics used a 

Langevin integrator with a friction coefficient of 1/picosecond, a temperature of 300 K, and a timestep of 

1 fs. The OL15 force field70 was used for the dsDNA. The particle-mesh Ewald method71 was used to 

calculate long-range electrostatic interactions. Other nonbonded interactions were cut off at 14 Å. 

Hydrogen-containing bonds within the dsDNA were constrained with the SHAKE algorithm,72 and the 

water molecules were kept rigid with the SETTLE method.73 All minimizations were performed using 

AMBER pmemd.MPI on 4 CPUs, and all dynamics runs were performed on Nvidia GPUs using CUDA 

10.1 and AMBER pmemd.cuda.68 

Calculations of Water Chiral SFG Spectrum  

SFG spectra were calculated as described previously using Skinner’s electric field mapping 

method38, 40, 41 and the inhomogeneous (non-time-dependent) limit approximation to the time-correlation 

function. Only water molecules in a selected subset (see below) were represented in the exciton 

Hamiltonian, but all atoms in the system contributed to the electric field experienced by each O-H group in 

the selected subset. Prior to the calculation of dipoles and polarizabilities, the system was rotated so that 

the sixth thymine’s N3-H3 bond pointed along the y-axis with the hydrogen atom facing in the positive 

direction. The x-axis faced in the same general direction as O2; any component in the y- direction was 

removed to make the vector perpendicular to the y-axis. The z-axis then faced approximately along the 

dsDNA helix axis. The entire  tensor was calculated to allow for transformation to another coordinate 

system. The tensor was rotated using the Euler angles ϕ,  and  with the zyz convention. The tensor was 
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averaged over all values of ϕ using 100 subconformations while being rotated to  = 20° to match the 

conformation used in the ab initio calculations. The  angle had a minimal effect on the spectra and was 

thus set to 0. The psp response was calculated as . The vanishing of the quantity  

was monitored to ensure C symmetry was approximately achieved by integration over .30 Note that, 

because the orientation of dsDNA relative to the interface in our experiments is unknown, the absolute 

phases of the calculated water spectra are ambiguous with respect to experiment. However, the relative 

phases and amplitudes of the calculated water spectra are directly comparable to experiment. Accordingly, 

all calculated spectra of water around (dA)12 ⸱ (dT)12 dsDNA were multiplied by a factor of -1 to capture 

the absolute phases observed in experiments. 

Analysis of Water Dipole Orientation  

The water dipole orientation analysis was performed using the MD simulation prepared as 

described in previous sections. The simulation box was divided into a 40 Å × 40 Å × 70 Å grid centered on 

the origin with 1 Å spacing. For each frame, the entire system was translated to move the dsDNA’s centroid 

to the origin and then rotated. Each water was assigned to the grid cell in which its oxygen was located. 

The dipole moment vector of all waters within each cell was summed over the frames and then divided by 

the number of waters to yield a mean molecular dipole vector. The mean molecular dipole vector was 

calculated from partial positive charge to partial negative charge on each water molecule, and therefore the 

arrows point radially outward from the negatively-charged dsDNA. For visualization, representative 

structures for the first and second hydration shells were selected via Voronoi tessellation (see next 

section),42 and the dsDNA geometry was averaged over all frames. Water molecules are depicted as the van 

der Waals spheres of their oxygen atoms. UCSF Chimera74 was used to generate the corresponding figures. 

In Figure 5a, a slice of the hydration shells with -5 Å ≤ x ≤ 0 Å was taken and is shown as spheres; mean 

dipole vectors in grid cells centered on x = 0 Å were projected onto the yz-plane and normalized. In Figure 
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5b, a slice of the hydration shells with -5 Å ≤ z ≤ 0 Å was taken and is shown as spheres; mean dipole 

vectors in grid cells centered on z = 0 Å were projected onto the xy-plane and normalized. 

Selection of Water Molecule Subsets 

Water molecules in the first hydration shell were identified using Voronoi tessellation.42 Voronoi 

tessellation defines cells for each atom consisting of the points closer to that atom than to any other atom; 

this allows for the identification of “neighbors” to any group of atoms. Within the set of first hydration shell 

water molecules, water subpopulations belonging to the dsDNA minor groove, major groove, and backbone 

were identified as follows: 

(a) Major groove water molecules were defined as water molecules closer to an atom of the major 

groove than to any other atom group in dsDNA.  

(b) Minor groove water molecules were defined as water molecules within 3.5 Å of the H2 atom on 

adenine.  

(c) Backbone water molecules were selected in two steps. First, based on distance, all water 

molecules closer to backbone atoms than to major- or minor-groove atoms were selected. This 

produced a selection of water molecules (selection backbone1) along the backbone, as well as some 

water molecules near, but not inside, the minor groove. In the second step, these water molecules 

near the minor groove were removed using Voronoi tessellation.42 From selection backbone1 

Voronoi tessellation was used to identify water molecules that neighbored the subset of minor 

groove water molecules (defined previously in b), as well as water molecules neighboring the 

neighbors of minor groove water molecules. All these water molecules were removed from 

selection backbone1. The remaining water molecules are defined as backbone water molecules. 

This two-step selection process was to avoid contamination from water molecules inside or 

proximal to the minor groove.  
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All atom selections were made using the MDAnalysis library75 and in-house Python code. The freud 

library76 was used to access the Voronoi tessellation code voro++ from Python.77 

Supporting Information 

 The following materials are included in the Supporting Information (PDF):  

Raw experimental chiral SFG spectra of (dA)12 · (dT)12 dsDNA prepared in H2O and in H2
18O; 

fitting parameters for chiral SFG spectra of (dA)12 · (dT)12 dsDNA prepared in H2O and in H2
18O; 

summation of the calculated chiral SFG spectra of water molecules hydrating the backbone and major 

groove of (dA)12 · (dT)12 dsDNA; calculated chiral SFG spectrum of the N-H stretching response of 

(dAdT)12 ⸱ (dTdA)12 dsDNA; complete description of density functional theory and exciton model 

calculations and parameters; orientational dependencies of the calculated chiral SFG spectra of the N-H 

stretching response of (dA)12 ⸱ (dT)12 dsDNA. 
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